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Abstract 
 
Much public and private effort is being directed towards the development of more sustainable 
chemical feedstocks, yet the associated complexities of technological transitions and the 
technical, institutional and policy-related challenges they raise are often not wholly 
recognised. This thesis aims to develop an understanding of the key dynamics of 
technological change in the chemical industry, with respect to changes in feedstocks and the 
influence of the changing energy (and climate policy) landscape.  It builds on, and contributes 
to, the ‘innovations’ literature that seeks to translate empirical research on past technological 
transitions into practical guidance for policy-makers. In particular, this thesis explores the 
relevance of the close relationship – or ‘co-evolution’ – between chemicals and liquid fuels 
production, which has not been analysed elsewhere. 
 
Transitions between technological systems involve evolutionary processes. The past both 
shapes the current system and influences future options and pathways. This thesis 
investigates the historical transition from coal-based to petrochemical feedstocks in the UK 
(1921-1967), applying a system dynamics approach to extract and elucidate the key 
interrelationships between technologies, policy and society. The findings are then used to 
inform a series of interviews with key organisations to gain insights into expectations for 
renewable raw materials (RRM) in the UK. The results provide a strong indication of the 
decision-making procedures of actors, and tensions between different industrial activities. 
They thus provide an empirical basis for developing foresight scenarios that might help 
inform the current debate about technological transitions, especially those to RRM. 
 
This thesis shows that the technological trajectory of the organic chemical industry has for 
many decades been influenced heavily by governmental attempts to steer technological 
change towards a changing set of policy priorities. This process has been accompanied by 
attempts of industrialists to steer policy priorities towards preferred technological trajectories. 
Parallels can be drawn with the current attempts of policymakers to achieve greater societal 
sustainability. Results indicate that the innovation system around RRM is already 
experiencing the socio-technical dynamics of regime disruption and competing designs. 
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1 
1 Introduction 
 
“There is a dilemma currently constraining biomass feedstocks. We have the 
resource, we have the technology at a sufficient maturity, but why is so little action 
happening? Why should an industry make a substantial investment in a resource 
conversion process where the resource itself is in doubt? Why should the producer of 
the resource go through the added expense and effort of making the resource 
available when he is not even sure that there is anybody out there who wants the 
stuff?” 
For Richard Bogan, an engineer from the University of Washington presenting at the 
American Institute of Chemical Engineers Conference on Chemical Feedstock Alternatives, 
vital changes in the chemical industry’s raw material base raised some thorny questions. 
Biomass, a renewable source of carbon and hydrogen, could theoretically replace petroleum – 
a resource with a future clouded by concerns over scarcity, cost, ownership and 
environmental impacts. Bogan’s co-presenters at the conference had other questions about 
technical configuration: 
Irving Goldstein (North Carolina State University): “I would like to ask why Dr 
Katzen continues to emphasise single-product plants based on wood. This would be 
equivalent to the petroleum refiners running on gasoline and leaving out the middle 
distillates and the asphalts and everything else. I think the economics would look very 
dismal.” 
Raphael Katzen (Raphael Katzen and Associates): “If you have to sell five different 
products it is a much bigger challenge to get the economics right.” 
William Hearon (Boise Cascade Corporation): “In getting chemicals or feedstocks 
from biomass I think the emphasis should be on getting things which could feed as 
nearly as possible into the existing petrochemical technology and equipment with the 
least number of changes.” 
 
Following these expert perspectives, Richard Perry of the Union Carbide Chemical 
Corporation, outlined the following scenario: 
“1. Resource base shifts from gas and oil to coal and uranium for process energy; 2. 
Increased use of coal-based syngas (20-25% of petrochemicals by 2000); 3. 
Supplemental crude oil for fuel and feedstocks, made from coal and shale oil; 4. 
2 
Chemicals from biomass, but not widespread until well into the 90s.” (Goldstein et 
al., 1977) 
This technological transition, envisaged in 1977 following the first oil shock, did not 
ultimately come to pass. Thirty years later, however, alternative chemical feedstocks for the 
future are once again a popular topic. This thesis considers renewable raw materials (RRM) 
for chemical production, a technology area that promises environmental benefits and which is 
witnessing unprecedented discussion and investments. At a policy-level, however, there is 
limited consensus over how the widespread introduction of sustainable RRM might be 
achieved. Many of the concerns raised in the 1970s remain prescient: Can supply or demand 
for bio-based feedstocks be stimulated? How can future ‘biorefineries’ be designed? How 
might the future look? What is the relationship between chemical feedstocks and energy? 
 
As Frank Robinson, President of The Chemical Society of the UK, pointed out a year before 
the American conference, chemical feedstocks often use the same resources as fuels: 
“Suppose that a decision is taken to use North Sea oil as a fuel because this gives the 
most rapid return on the investment by Government and the oil industry, ignoring the 
fact that conversion into chemicals gives a high 'value added' element, what type of 
feedstock can the chemical industry use?” (Robinson, 1976) 
 
The following chapters draw on prior research on innovation systems that has aimed to 
describe the features of technological transitions and the determinants of their success. This is 
then applied to help understand how the introduction of RRM in the UK might proceed over 
coming decades. We begin our exploration of these issues by introducing the research 
problem and its context in Section 1.1. Section 1.2 outlines the chapter structure, while 
Section 1.3 explains the background to the research problem. Section 1.4 addresses the 
purpose and novelty of the research, and Section 1.5 provides a key context through a brief 
introduction to the modern chemical industry. 
 
1.1 Research Aim 
The aim of this thesis is: to analyse and illuminate both the key factors of technological 
change relating to the feedstocks of the UK chemical industry and its past and prospective 
relationships with a changing energy landscape; and then to use that analytical framework to 
gain insights into how use of feedstocks from biorefineries might expand to an industrial 
scale in the UK, displacing some petrochemical products and launching UK industry on a 
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potentially more sustainable trajectory. 
 
Overarching research question:  
“What can the analysis of past transitions tell us about the socio-technical challenges 
of securing technological change towards renewable raw materials for future 
chemicals production and how policy might approach and address them?” 
Constituent questions: 
1. What were the socio-technical dynamics of the transition from coal-based to 
petrochemical technologies in the UK? 
2. How was the transition to petroleum-feedstocks for organic chemicals 
influenced by interactions with developments in the liquid fuels regime? 
3. What are the opportunities and threats from introducing renewable raw 
materials and biorefineries into the UK chemical processing industry - and 
what scenarios might be more sustainable in the longer term? 
4. How might an understanding of the dynamics of chemical feedstock 
transitions inform and guide the technical and political debate regarding 
renewable raw materials? 
 
Addressing these four questions requires both empirical and theoretical research, which can 
be articulated as sequential research objectives. Seven objectives have been defined to guide 
the research process: 
Objective 1 Develop an analytical framework by which transitions between organic 
chemical feedstocks can be better understood; 
Objective 2 Establish the socio-technical dynamics of the UK transition from coal-based to 
petro-chemical technologies [Addresses Questions 1 & 2]; 
Objective 3 Establish some of the prospective socio-technical dynamics of the anticipated 
UK introduction of RRM and biorefineries; 
Objective 4 Develop socio-technical scenarios that might guide the technical & political 
debate over RRM [Addresses Question 3]; 
Objective 5 Draw conclusions on the opportunities for and threats to the sustainable use of 
RRM in the UK [Addresses Question 4]; 
Objective 6 Outline a co-evolutionary mechanism that helps connect actors and regimes in 
sustainable innovation systems; 
Objective 7 Evaluate the strengths and limitations of the analytical framework. 
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1.2 Structure of the chapters 
The thesis has the structure described in this section and depicted in Figure 1 below, which 
links the chapters to the objectives in terms of their contributions to theory development 
(exploratory research) and their empirical contributions to technology development 
(explanatory research). 
 
Figure 1. Schematic diagram of the structure of the thesis 
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Chapter 2 outlines the socio-technical theories that inform the research questions, drawing on 
the innovation literature and the operational research literature. Chapter 3 sets out the two 
main research techniques that have been employed to address the research questions. 
 
Chapter 4 presents the results and key conclusions from a process analysis of events 
undertaken to describe systematically the transition from coal- to petroleum-based feedstocks 
for organic chemical production in the UK between 1921 and 1967. Chapter 5 presents the 
results of a case study approach utilising 28 semi-structured interviews to extract and process 
information about the activities of actors in the current chemicals and RRM regime. The 
analysis of these qualitative data is presented alongside some implications for the 
development of this technology area. Chapter 6 expands on insights gained from this 
qualitative study, with a discussion of how socio-technical scenarios can be generated to 
inform thinking about alternative futures. 
 
Chapter 7, which concludes the thesis, discusses the selected theoretical framework and the 
results of this research and assesses their potential for contributing insights into the research 
fields of technological transitions and sustainable innovation. 
 
1.3 Background to the research problem 
Technological change concerns the overall process of invention, innovation and diffusion of 
new technologies (Schumpeter, 1934). The introduction of radical innovations and the 
subsequent improvements to their efficacies are important factors behind rises in economic 
productivity. New technologies also have both positive and negative impacts on the physical 
environment and the socio-political structures into which they diffuse. Nelson and Winter 
(1982) described these impacts as presenting an economic ‘externality’ problem,1 in which 
‘the processes of change are continually tossing up new ‘externalities’ that must be dealt 
with’ (Kemp and Soete, 1992). For example, while automotive transport was attractive in 
cities because it avoided the manure pollution and disposal problem of its horse-drawn 
predecessors, it brought energy security concerns and unanticipated problems of air pollutant 
emissions. 
 
                                                 
1 An externality may be defined as the action of one agent which affects the wellbeing or profits of others, 
without compensation or redress 
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The potential hazards of anthropogenic climate change in coming decades are a result of the 
largely unforeseen greenhouse gas externalities of earlier technology choices, including the 
selection of gasoline-fuelled motor cars and petrochemical manufacture. Consequently, many 
people seek transitions to alternate technologies to reduce the environmental burden of 
economic activity, for example by substituting fossil fuel energy with renewables such as 
wind or biomass. Such transitions can also influence the balance of economic competition 
between regions within the global economy. Unfortunately, however, forecasting 
technological change has proved difficult (OECD, 2001:77). 
 
Thus, it is not hard to cite examples of predicted inventions that have not materialised, failed 
companies that invested in technologies society did not ultimately endorse, or political 
measures that sought to support one area of innovation but came to sanction another. The 
challenge for researchers, policymakers and industrialists presented with divergent 
technological choices, therefore, is to arrive at an understanding of technological change that 
is informed by the associated positive or negative externalities of available options, and that 
generates useful foresight for decision-making. 
 
Research on past technological transitions indicates that different technology sectors often 
display similar patterns of change, but have particular features relating to the specific 
technologies, contexts and actors involved (Geels, 2005; Geels and Raven, 2007; Verbong 
and Geels, 2007). Such features are potentially important factors for future transitions. 
Concerns about the sustainability of current modes of chemical production, especially the 
extensive use of fossil fuels, have led to advocacy of a rapid transition to more sustainable 
technologies, many of which are not yet cost competitive nor adequately developed (IPCC, 
2007). While 20/20 foresight is therefore unattainable, it is suggested that how a particular 
sector might evolve can be better understood by appreciating the patterns of change in its 
past, especially where they exhibit ‘path dependency’ (Foxon et al., 2008). 
 
1.4 Purpose and novelty of the research contribution 
This section sets out the context of the study in the two separate research areas: empirical and 
theoretical. The empirical research is motivated by the purpose of contributing to the current 
debate regarding RRM in chemical production. The theoretical motive for the research is the 
recognition that the literature on technological transitions is evolving and that addressing the 
research questions requires extension of the present analytical framework and tools. 
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1.4.1 Empirical motivation: Sustainable chemical technologies 
Here there are two key motives: 
► To analyse competing technological trajectories in RRM and biorefineries through the 
application of a qualitative theoretical framework. 
► To inform the development of future scenarios by drawing on insights gained -from 
an analysis of the nature of past transitions between chemical feedstocks. 
 
The global organic chemical industry is highly diverse2. Derivative products from petro-
chemical feedstocks are pervasive throughout the economy. They are transferred between 
firms within the value chain for further processing, such that the industry consumes over one 
fourth of its own production. End products include plastics, fabrics, paints, pigments and 
cosmetics. 
 
The European chemical industry is being pressed to consider alternative raw materials for the 
future, for at least three reasons. Concerns about volatile feedstock costs and potential oil 
supply constraints have instigated a debate about the sustainability of petroleum-based 
products. Environmental concerns and an eastward migration of bulk chemical production 
have likewise raised the attractiveness of alternative raw materials. Plant-based matter and 
coal are generally not directly compatible with existing petrochemical processes. 
Nevertheless, there is substantial scope for displacing petrochemical products with bio-based 
alternatives, either through processing of the biomass into chemicals that are identical to 
petrochemical commodities, or through production of novel products (BERR, 2008c). 
 
The dramatic recent increase in production of biofuels for vehicular transport in Europe and 
the US also involves the chemical processing of biomass. Biofuels have received government 
support and extensive research interest, and their share of global transport fuels is projected 
to grow (Demirbas, 2008). The OECD (2008) considers biofuels to be ‘the largest source of 
new demand in decades’ for agricultural products. In addition to being a competing use for 
biomass, biofuels represent a possibility of producing chemical intermediates as by-products 
or co-products. This intuitive analogy with the oil industry and its integration with petro-
chemicals has initiated a surge in interest in the concept of biorefineries (Figure 2). The EC 
                                                 
2 For the distinction between organic and inorganic chemicals, see Section 1.5. 
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vision for biofuels envisages that ‘co-production of fuels and co-products in integrated 
biorefineries will enhance the overall economy and competitiveness of biofuels’ (EC, 2006). 
 
Levy et al. (1981) first proposed a biorefinery for the processing of a variety of feedstocks – 
municipal waste, sewage, algae, forestry, crops – into diesel fuel, ethanol and industrial 
chemicals, such as ethyl acetate and fatty acids. These principles of multiple feedstocks, 
multiple products and greater energy efficiency through process integration continue to 
underpin biorefinery designs. 
 
 
Figure 2. Per cent of Web of Science journal articles with 'Biorefin*' in topic on 13/10/08 
 
Yet despite being well promoted, such facilities do not yet commercially exist in the UK or 
Europe (Biopol, 2009; Smith, 2007). In part, this reflects a problem of definition. There are 
many integrated facilities for producing multiple food products, for instance, but they do not 
incorporate advanced chemicals and fuels production and so would not fit the proposal of 
Ragauskas et al. (2006): ‘a total integration of innovative plant resources, synthesis of 
biomaterials, and generation of biofuels and biopower’. Table 1 catalogues biorefinery 
concepts that are even more specific. Peck et al. (2009) suggest that a lack of agreed 
definitions may hinder the progress of biorefinery technologies. 
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Biorefinery Concept Reference 
Poultry Litter Biorefinery Aksoy et al. (2008) 
Rural Biorefinery Audsley and Annetts (2003) 
Forest Biorefinery Burciaga (2006) 
Palm Oil and Oil Palm Biomass-Based Biorefinery Chew and Bhatia (2008) 
Glycerol-Based Biorefinery Choi (2008) 
Second Generation Biorefinery Clark (2007) 
Whole Crop Biorefinery 
Green Biorefinery 
Lignocellulosic Feedstock Biorefinery 
Two-Platform Biorefinery 
Kamm et al. (2006) 
Wheat-Based Biorefinery Koutinas et al. (2007c) 
Oat-Based Biorefinery Koutinas et al. (2007b) 
Cereal-Based Biorefinery Koutinas et al. (2007a) 
Sugar Beet Biorefinery Main (2008) 
Plastics Biorefinery Peoples (2004) 
Cheese Whey Biorefinery Pinto et al. (2009) 
Marine Biorefinery Van Ree and Annevelink (2007) 
Table 1. A selection of competing biorefinery concepts and definitions 
 
It is evident that biorefineries present diverse technology options. Different configurations 
will therefore be more suitable in different regions. Thus, Sammons Jr. et al. (2008) and 
Chamboost and Stuart (2007) have recognised a problem of complexity related to optimal 
product allocation, given that the full range of necessary technologies and product families is 
not well established. And, whilst Meiser et al. (2008) present a commercial strategy for 
managing some of the associated risks, the literature has paid little attention to how current 
research, design and policy activities might influence the longer term application of 
biorefinery technologies. 
 
This research aims to address some of the uncertainties about socio-technical aspects of RRM 
and biorefineries. Given that the evolving literature base recognises a significant role for 
societal actors in the adoption of new technologies (Chapter 2), an aim of this work is to 
integrate actor agency into a scenario-building process for the future of RRM in UK 
chemicals production, an innovation regime which has not been previously studied at a 
sector-level. There is also a body of evidence to suggest that technological change is 
facilitated by technologies with certain features, such as conformity with existing practices or 
the flexibility to proliferate into new markets. Consequently, this research also aims to assess 
new technologies being devised for exploitation of RRM and how they might assist or hinder 
competing paths of development. 
 
10 
1.4.2 Theoretical motivation: Understanding co-evolutionary transitions 
Here there are three key motives: 
► To apply research on technological transitions – retrospective and prospective – to the 
field of organic chemicals production, an area that has not previously been studied 
within the literature on this body of work. 
► To extend the understanding of dynamic interactions between different industry 
sectors. A strong link between petrochemical production and liquid transport fuels is 
recognised, and a bond between RRM for chemicals and biofuels is suggested. A 
working hypothesis is that these two sectors should not be treated in isolation. 
► To develop a methodology that can link insights from past transitions to foresight 
applications. This has previously presented challenges to researchers of transitions. 
 
The literature on technological transitions is reviewed more completely in Chapter 2. It is 
situated within the innovations literature and is a combination of strands of research in 
institutional economics, neo-classical economics, economic history, science and society 
studies, and business strategy. Previous studies of technological transitions have shown that 
they are usually not short-term reconfiguration processes, and generally involve feedback 
processes between the components of the techno-economic system (Ruttan, 1997). Complex 
socio-technical systems can provide resistance to innovative new technologies: dense value 
chains increase transaction costs and many links to existing technology configurations can 
take time to break. Williamson (2000) supports this by asserting that change at the market 
level can occur relatively quickly compared to changing practices throughout society. 
Exchange of a component of a technological system might be achieved rapidly, whilst 
transformation of the system into a new paradigm is a long-term prospect (Perez, 2002). 
 
The complexity of the chemical industry, from the vast integrated refineries that handle 
feedstocks to its plethora of end-products and their users, indicates that a smooth transition 
towards RRM is unlikely to be rapid or inevitable. It could be assisted by linkages with 
climate change mitigation/adaptation, and the substitution of mineral oil in transport fuels 
with more sustainable alternatives, but these are also predicted to be very gradual processes 
with serious social and technical challenges. 
 
Several socio-technical approaches to understanding technological change that could generate 
insights for sustainability from recent phases of history have been described (Poole et al., 
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2000; Verbong and Geels, 2007). The Multi-Level Perspective (MLP) (Geels, 2002) is a 
framework that appears to have considerable promise. This approach attempts to ‘form a 
bridge between evolutionary economics and technology studies’ by synthesising data relating 
to changes at the micro-, meso- and macro- levels of a technological regime undergoing 
transition (see Chapter 2 for further information). However, in considering its application to 
the technological problem outlined for RRM and biorefineries, it requires several 
developments. 
► The MLP recognises that specific technical characteristics and geopolitical variations 
can influence transition pathways. However, no MLP analysis has yet considered 
transitions occurring in the UK before the 1970s or between chemical feedstocks. 
► A framework for the study of sectors that are closely interrelated, but not inseparably 
linked, has not yet been developed despite some preliminary studies using the MLP. 
► Whilst the MLP has generated clear insights into the processes of technological 
change under a variety of historical circumstances, the challenge of distilling this new 
knowledge into strategic advice for governments and firms remains. 
 
The contribution of the research project presented here is to use a systematic and longitudinal 
analysis of a single complex field of technology to develop the connection between historical 
analysis and the mapping of technological futures. Whilst it is not an aim of this thesis to 
propose a complete framework for the incorporation of co-evolution of multiple sectors, it is 
hoped that the attention paid in this research to the interaction between the organic chemical 
and liquid fuels regimes will advance work in this area. 
 
1.5 The chemical industry: definitions and introduction 
This section provides a very brief introduction to the modern chemical industry. It will not 
linger over definitions, but some explication is needed. 
 
The UK Standard Industrial Classification of the chemical industry can be split into three 
main areas: organic bulk chemicals, organic speciality chemicals and inorganic chemicals. 
The pharmaceutical industry is often included as a sub-section of organic speciality 
chemicals, but has been officially classified as a separate division since 2007 (ONS, 2007). It 
possesses market and structural characteristics that differentiate it from other subdivisions, a 
fact that is acknowledged elsewhere (Grant et al., 1988). 
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Inorganic chemicals are typically of a non-hydrocarbon mineral origin. Products include 
salts, industrial gases, acids, fertilizers and construction minerals. They are dominantly used 
in the manufacture of other industrial materials, often acting catalytically. Organic chemicals, 
by contrast, are a very large and diverse family of molecules derived from relatively few 
fundamental raw materials that contain carbon. Common feedstocks are supplied by 
petroleum refiners, from crude oil and natural gas, and are hydrocarbons. Products from this 
section of the industry are known as petrochemicals. Other organic feedstocks are coal, wood 
and vegetable oils. Other elements – e.g. nitrogen, hydrogen, oxygen, sulphur, and chlorine – 
are combined to generate a multitude of different compounds that are the starting points for 
plastics and other bulk organic chemicals as well as many speciality chemicals (EPA, 2002).  
 
Bulk organic chemicals are generally commodity products that compete on price and are 
produced in large volumes. They include the major platform chemicals such as ethylene, 
propylene and benzene, and their immediate derivatives. Methanol, ethanol, commodity 
polymers and plastics are also included. Speciality chemicals cater to custom markets and 
generally compete on technological expertise that provides a greater added-value to their 
products. They tend to use batch processes and hence require more professional labour and 
more inputs, and generate more waste per volume. Cosmetics, detergents, pigments and 
paints are speciality chemicals. 
 
Inorganic chemicals are not considered in the scope of this research. The challenges that the 
chemical industry currently faces with regard to feedstocks3 are especially relevant to organic 
chemical producers. The sustainability motives for introduction of RRM apply to the 
production of organic bulk and speciality chemicals. Therefore, for simplicity, the term 
‘chemical industry’, as used in this thesis, refers to organic chemical production alone. 
 
For the past fifty or more years society has been increasingly reliant on the products of the 
organic chemical industry to supply the clothes we wear, the food we eat, our health, housing, 
transportation, security and other commodities (Wittcoff and Reuben, 1980). Approximately 
92% of chemical products are produced from petroleum, including natural gas. Coal delivers 
1.3% of chemical feedstock globally, by energy content (OECD, 2007). Total use of oil has 
grown globally at a rate of 1.4% per year over the past decade and the use of oil for chemical 
                                                 
3 Appendix C provides summary of the main economic, environmental and political challenges. 
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feedstocks has grown at about 4.0% per year (Figure 3). 
 
 
Figure 3. Global Growth in Oil Use for Chemical Feedstocks and Energy, in % per year (OECD, 2007) 
 
De Vries et al. (2006) have highlighted that so far, unlike other materials consumption trends, 
demand for chemical products such as plastics tends to continually rise with GDP and has not 
yet reached a saturation point at which consumption stabilises in the face of increasing 
wealth. 
 
In the US approximately 3.4% of a barrel of oil is incorporated into chemical products, whilst 
nearly twenty times as much (70.6%) goes to fuel uses (Marshall, 2007). In Europe the 
corresponding figure is 9% for chemical feedstocks, as oil (naphtha) dominates natural gas 
for bulk chemical production (OECD, 2007). The overall values of the industries are similar, 
however, with US petrochemicals (excluding pharmaceuticals) returning a pre-tax profit of 
$375bn and oil-derived fuels having pre-tax profits of $385bn (Marshall, 2007). 
 
This short description of the status of the modern chemical industry concludes the 
introductory chapter of the thesis. This chapter has described the nature of the research 
problem in terms of two challenges: the widely-supported challenge of introducing RRM for 
chemical feedstocks; and the theoretical challenge of contributing to a better understanding of 
the nature of socio-technical transitions. Four research questions and seven accompanying 
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objectives have been proposed to address these challenges. Chapter 2 reports the critical 
literature review for the first of these objectives: development of an analytical framework by 
which transitions between organic chemical feedstocks can be better understood. 
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2 Literature Review and Analytical Framework 
 
The introduction outlined the questions that this research seeks to address. This chapter aims 
to place the research in the context of a critical review of the relevant existing literature. It 
provides a theoretical grounding for the analytical framework that underpins the methodology 
described in Chapter 3. 
 
The chapter begins by reviewing and characterising technological change as an evolutionary 
process, with a focus on the concepts of path dependency and co-evolution. This enables an 
appreciation of technological change as a process that is influenced endogenously by 
innovations and their selection, and exogenously by changes in the other sections of society 
that influence the technology selection environment. The critical literature on technological 
transitions is then reviewed from a socio-technical perspective, to introduce several key 
recent ideas. This theoretical work on innovation is then related to two other intersecting 
fields. Firstly, an approach to understanding the kind of dynamic systems that are apparent in 
co-evolving industries is elaborated from the operational research literature. Secondly, 
previous approaches to innovation in the chemical industry are reviewed and critiqued. The 
final sections describe the resulting analytical framework for research. 
 
Much of the literature reviewed here stems from the extensive body of work on innovation 
and the impact of new technologies on society and the economy. The diversity of this 
literature requires some upfront consideration of how these two terms should be employed in 
the context of research into RRM. 
 
Although the idea of technologies as independent artefacts is widespread, a broader 
understanding has become preferred by many researchers. Latour (1987:137) recommends, 
for example, that social scientists move beyond a ‘black box’ conceptualisation of technology 
to appreciate the ‘assembly of forces’ that connect gadgets and machines to the users, 
inventors, companies and national governments without which the artefacts would have no 
purpose. 
 
In recognising that a technology’s attributes are the result of social and cultural configuring, 
which can be as difficult to alter as its physical qualities, a wider appreciation of the process 
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of innovation becomes also desirable. Innovation, according to Schumpeter (1928:378) is not 
simply invention but ‘putting productive resources to uses hitherto untried in practice’. It 
involves new artefacts, but also new configurations and applications of known artefacts; it 
involves invention, but also novel methods and the processes by which they become adopted 
by their users and promoters (Ruttan, 1959). By extension, Hughes (1986) describes 
technology as a ‘seamless web’ in which these various elements join together in 
technological developments. A biorefinery, for example, could therefore be considered as a 
collection of both new and existing material components, a series of process steps and 
products that are evolving alongside concomitant innovations in user practices, institutional 
frameworks, corporate strategy, and the cultural symbolism of a compelling analogy with 
known petroleum refineries. 
 
If, as recent literature has asserted, innovation is an iterative process involving non-linear 
feedbacks then technological change itself can, and should, be conceived of as a system 
undergoing transformation (Carlsson and Stankiewicz, 1991). Since this research is 
concerned with understanding the dynamics of technological change then the appropriate 
level of analysis is the technological system, or regime, whose component interactions are 
social and political as well as technological (Berkhout and Gouldson, 2003:244). Whilst this 
perspective supplies an accurate impression that technological change is dependent on 
multiple factors undergoing modifications that are often incremental, and therefore slow-
moving (Hughes, 1987), the following sections describe how feedbacks can conspire to bring 
about rapid disruptions to existing technological paradigms or generate barriers to the entry 
of new technologies. 
 
2.1 Technological change as an evolutionary process 
Researchers have been increasingly occupied with understanding the nature of the 
‘innovation journey’ (Van De Ven et al., 1999) and how this knowledge can be translated 
into practical guidance for policy-makers, especially those addressing environmental 
concerns (Foxon et al., 2004; Grübler et al., 2002; Rip and Kemp, 1998). The resulting 
picture is of a more ‘systemic, dynamic, non-linear process, involving significant 
uncertainties’ compared to the previously accepted linear model (Foxon and Pearson, 2008). 
The evolutionary scheme of technological change presented in this section rejects the linear 
‘demand pull’ and ‘technology push’ models in which research funding generates new 
inventions that are automatically incorporated into a progressively more efficient economy 
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(Dosi, 1982; Foxon, 2003:23). Instead, it recognises and seeks to incorporate the barriers to 
technology diffusion that can result from institutional inertia, bounded rationality, path 
dependence, and co-evolution, which are not accounted for by the epidemic, rational choice, 
or optimisation models of technology diffusion (Castellacci, 2008). In the following 
presentation of these concepts it is shown that a robust theoretical basis has been developed 
despite the lack of an accepted model in mathematical form (Foxon et al., 2004:109). 
 
The evolutionary view of technological change is driven by the conviction that: 
‘the regularities observable in present reality are interpreted…as the result that 
understandable dynamic processes have produced from known or plausibly 
conjectured conditions in the past – and also as features of the stage from which a 
quite different future will emerge by those same dynamic processes’ (Nelson and 
Winter, 1982:10). 
This has implications for understanding the paths by which new technologies come to 
displace existing routines (Dosi, 1988). Technological change is not a static problem to be 
solved; indeed, optimality loses its relevance in evolutionary change (Edquist, 2001:226). 
Rather, a radical new improvement to incumbent practices may not be adopted if it is unable 
to create durable linkages with social and political sources of support. Users of the existing 
technology are likely to consider there to be lower risks associated with incrementally 
improving a known system (process innovation) than with reorganising routines to support a 
radical newcomer (product innovation) (Utterback and Abernathy, 1975). 
 
New and disruptive technologies do appear, however (Christensen, 1997). As the above 
description of technology suggests, the process is not a simple 1:1 replacement of 
components, but proceeds via a displacement of the existing system, including breaking and 
creating the links between machines, actors and routines that provide an invention with 
function and recognition. Figure 4 illustrates periods of relative stability in US steel 
production, dominated by process innovations and punctuated by sudden displacements. 
 
Dosi (1982) calls the periods during which a particular set of technologies remain dominant 
in a large technological system a technological paradigm4. Perez (2002) asserts that the 
paradigm ‘provides a model that can be followed by all, but its configuration takes time [as] 
                                                 
4 The paradigm terminology was developed to explain revolutions in scientific theory (Kuhn, 1962). 
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the new principles will have to be socially learned [and] must overcome the forces of inertia 
that stem from the success of the previous paradigm.’ This terminology helps structure the 
discussion of the innovation process: technological change is the process by which novel 
technologies emerge and diffuse within a technological regime, leading to a new 
technological paradigm that follows an identifiable technological trajectory. The dynamics 
reviewed below are considered to play important roles in this process. 
 
 
Figure 4. The share of steel production in the US by five consecutive technologies, each displacing the 
previous system, 1850 to 2000 – real and logistic curves – from Grübler et al. (1999) 
 
2.1.1 Diversity and selection 
The basic premise of evolutionary thinking is that there exists a ‘selection environment’ that 
operates according to a set of decision rules. In biological evolution diversity is generated 
through mutation and migration and competes for acceptance into the populations of species 
occupying an ecosystem. Nelson and Winter’s (1974) assertion that diversity within the 
population of available technologies is produced by innovation, and that selection is governed 
by the search heuristics of firms, is widely accepted as offering a more faithful explanation of 
technological change than neo-classical economic theory (Belt, 1987; Stuart and Podolny, 
1996). The primary distinction arises at the level of the competitive selection environment: 
firms pursue profits but their decision rules are neither static nor well-defined enough to 
facilitate neo-classical profit maximisation. Research and selection activities proceed 
simultaneously, as actors balance the rewards for early problem-solving against the risks of 
guessing incorrectly. Thus, firms and their technology choices evolve over time according to 
goal-seeking behaviours uniquely shaped by expectations of performance and cost, 
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familiarity and changing user preferences. As Van Den Bergh et al. (2006) state: ‘selection 
should not be simplified as survival of the fittest, but rather as the survival of the sufficiently 
adapted species in a changing selection environment’. 
 
The evolutionary approach supports a number of further insights (Foxon, 2003). Firstly, as a 
technology becomes more widely used it can improve its fitness in relation its selection 
environment, akin to biological speciation. This process has been termed learning-by-doing 
(Arrow, 1962). It tends to reinforce the technological system it aligns with through 
incremental or process innovations (Van Den Bergh et al., 2006). This incorporates the 
concept of stable technological paradigms into the evolutionary approach. In biological 
evolution adaptations often accrue in isolation from the competitive pressures of the full 
population (e.g. island ecosystems). Similar incubatory environments are termed 
technological niches (Hommels et al., 2007). 
 
Disruptive technologies, on the other hand, fall outside the prevailing technological paradigm 
and involve innovative combinations of techniques. The theory of punctuated equilibrium 
(Gould and Eldredge, 1977) provides a useful perspective for understanding why paradigms 
sometimes appear to undergo rapid displacement after periods of gradualism. The key 
juncture is often ‘the application of existing technological know-how to a new domain of 
application…which, in turn, may trigger a substantially new and divergent evolutionary 
trajectory’ (Levinthal, 1998). 
 
2.1.2 Bounded rationality 
The concept of bounded rationality (Simon, 1955) is a fundamental aspect of the evolutionary 
selection environment. It offers a counterpoint to the neo-classical view of economic agents 
(entrepreneurs, firms and users of technologies) as rational actors possessing boundless 
knowledge, flawless logic and trivial computing costs for evaluating technological options. 
Appreciating that the selection environment is composed of agents guided and limited by 
bounded search strategies and resources and by what they happen to see at a given moment is 
vital to the evolutionary view (Tversky and Kahneman, 1974). If, as is the belief of Dosi and 
Orsenigo (1988:17), ‘economic agents tend to react to (or anticipate) changes in relative 
prices and demand conditions by searching for new techniques and new products within the 
boundaries defined by the nature of each technological paradigm’, then understanding the 
nature of these boundaries is important to appreciating the dynamics of technological change. 
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2.1.3 Dominant Designs 
An outcome of the boundedly rational selection of technologies is the observed convergence 
of technological paradigms around dominant designs. The phenomenon is described by 
Utterback and Abernathy (1975) and documented by Anderson and Tushman (1990). They 
show that the diffusion of a new technology often only peaks after the implicit (or explicit) 
establishment of a standard product or process chosen by the market or around which the 
firms’ search criteria coalesce. Alternatives are placed at an increasing disadvantage to the 
dominant consensus as it is incorporated in research heuristics as an exemplar, or ‘guidepost’ 
(Sahal, 1985). Convergence on a dominant design some time after the first appearance of the 
innovation (which rarely becomes the dominant design itself) can be critical in moving from 
an ‘era of ferment’ to an ‘era of incremental innovation’ (Murmann and Frenken, 2006). 
 
For the purposes of this chapter, two inferences are key. Firstly, dominant designs 
demonstrate the importance for entrepreneurs of promoting understanding and acceptance of 
a pioneering innovation in order to enhance its chance of market retention (Aldrich and Fiol, 
1994). There is value to pioneers of gaining agreement on common standards and facilitating 
networks for the exchange of information. Secondly, this concept indicates an increased role 
for the supply side in the evolutionary model. The selection environment can no longer be 
perceived as acting on technologies that are defined only by their ‘fitness’ against evolving 
search criteria; there is an equivalent role for technologies themselves to guide the search. 
 
2.1.4 Path dependency and technological lock-in 
Path dependency embeds history into the evolutionary perspective. It is observed as an 
emergent property by which future technology selections are influenced by past selections 
(David, 1985). During an ‘era of ferment’ in which new technologies compete to be selected, 
small and essentially random variations in initial conditions can consequently lead to a 
situation where one technology becomes dominant and supplants all its competitors, without 
it necessarily being the most efficient long-run option (Arthur, 1989). During an ‘era of 
incremental innovation’, incumbent technologies are often similarly able to benefit from 
increasing returns and corresponding cost reductions that present considerable barriers-to-
entry for potential newcomers (Mueller and Tilton, 1969). 
 
Increasing returns result from positive feedbacks (or ‘virtuous circles’), which can lead to 
multiple possible equilibria through the five mechanisms shown in Table 2. These 
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mechanisms can all contribute a directional bias to a technological trajectory. The benefits 
returned to a selected technology are at the cost of alternative plausible trajectories since the 
cost of changing paths tends to rise accordingly. 
 
Network 
externalities 
Occur when the benefits to a user increase as others adopt the same option (Arthur, 
1994:114; Katz and Shapiro, 1986). Telephone contracts offering low call rates to the 
same network become comparatively more attractive as the network of users grows. 
Such effects are especially significant if the technology is linked to infrastructure.  
Scale 
economies & 
shared costs 
New entrants to a market will be impeded by their initial need to operate at lower 
scale than incumbents. Larger scale producers benefit from sharing fixed costs across 
more output or capacity utilisation (Cowan and Hultén, 1996; Pierson, 2000:254). 
Learning 
effects 
Knowledge gained during operation and use leads to process innovations, including 
learning-by-doing. Performance improvements accrue to users of the more widely 
used technology (Arrow, 1962). 
Adaptive 
expectations 
Technologies with early acceptance can benefit from selection by actors who wish to 
‘pick the right horse’ (Pierson, 2000). Projections of success can generate self-
fulfilling expectations that do not relate to material advantages, but are reinforced by 
further selections. 
Regional 
externalities 
Increasing returns to co-location (Martin and Sunley, 2006). In addition to existing 
infrastructure and shared fixed costs, local alignment with an incumbent technology 
can provide access to local political support and supply chains for labour, materials 
and customers. Industrial activity tends towards spatial clustering (Porter, 2000). 
Table 2. Five mechanisms by which increasing returns can lead to technological path dependence 
 
Lock-in refers to the inflexibility conferred by path dependence (Arthur, 1989). It suggests 
that the barriers to establishing an alternative technological trajectory can become large 
enough to lock-out competing technologies (Cowan, 1991). Of relevance to this thesis are the 
applications of the concept to environmental policy-making (Kline, 2001) and the apparent 
inertia of fossil fuel-utilising technologies (Unruh, 2000; , 2002). However, as Ruttan (1997) 
and Pierson (2004) point out, lock-in is a problematic concept to apply widely. Where 
economic agents are able to internalise the costs of path-switching, they are likely to do so 
(Liebowitz and Margolis, 1990). On the other hand, if overcoming perceived lock-in offers a 
public good, government intervention may assist path-switching (Pierson, 2004:29). 
 
2.1.5 Co-evolution 
Co-evolution implies that the ‘dynamics in one evolving system influence the selection 
environment in another’ (Foxon, 2008, Murmann, 2003). Ehrlich and Raven (1964) observed 
that ‘one group of organisms is all too often viewed as a kind of physical constant’ but that 
two or more evolving species can influence the trajectory of each other’s evolution. Grubler 
et al. (1999) consider co-evolution of technologies to be a central element of technological 
change in situations where it becomes costly for individual components to be incompatible 
with the wider system, often due to network effects (Figure 5). The evolutionary model 
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allows the incorporation of co-evolutionary dynamics, including between industries such as 
chemicals and fuels production. 
 
According to Van den Bergh and Stagl (2003), co-evolution is likely to result in a ‘regime of 
sub-optimised species’5. One implication is that if multiple systems become linked by 
reciprocal path dependent processes then this can contribute to synergistic stability, but also 
greater inflexibility in technological regimes. Potentially superior alternatives could be 
further locked-out. 
 
 
Figure 5. The co-evolution of automobiles and road networks in the US (Grübler et al., 1999) 
 
Several researchers have applied co-evolutionary ideas to technological change within 
particular industries (Blundel, 2006; Jones, 2001; Reinstaller, 2005). However, as stated by 
Kallis (2007:3), in co-evolution between systems, or between systems and their environment, 
‘separating the influence of specific co-evolutionary interactions from other internal or 
external forces of change is difficult.’ Firstly, co-evolving entities can be defined at different 
levels of specificity – e.g. populations of competing technologies, firms, institutions or 
technological regimes. Murmann (2003) has studied interactions between firms and 
institutions, and Hung (2002) has focused on technologies and institutions, in specific sectors. 
 
                                                 
5 For example, in a so-called ‘arms race’ between species the selection pressures of predation will select prey 
species that run faster, which in turn will select predators that run faster and ultimately evolve into species that 
are not independently optimally sized for the wider environment (Dawkins and Krebs, 1979). The irreversibility 
of the process becomes significant if one species dies out or migrates. 
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The suggestion by Van den Bergh et al. (2006) that chemical and liquid fuel technologies 
have co-evolved is relevant to chemical feedstocks: 
“An example of co-evolution…is provided by the heavy organic chemical industry in 
the United States…In the 1920s, the rapid growth in demand for petrol for 
automobiles in the United States led to a large and inexpensive supply of olefins as a 
by-product in the refining process. By the end of World War II, the US chemical 
industry had fully changed to petroleum-based feedstocks.” 
If a co-evolutionary relationship exists between organic chemical and liquid fuels 
technologies then it is the process of reciprocal change between two industries that is of 
interest. This type of interaction has recently been considered within the so-called multi-level 
perspective on transitions, and is discussed further in Section 2.2.4. 
 
2.1.6 Discussion 
The preceding sections provide arguments in favour of applying a broad lens to the 
understanding of successes and failures in the introduction of new technologies. It presents 
technological change as a cumulative process that involves the agency of networks of actors – 
entrepreneurs, firms, institutions, users – engaged in routines shaped by past activities and 
interactions. Early decisions reverberate through history. This contrasts with the neo-classical 
view, prevalent in economic modelling, that competition and learning in markets approximate 
to rational selection of optimal technologies at a given time (Friedman, 1953:317). 
 
Attention has not been explicitly bestowed here on the tradition of induced technological 
change, which complements evolutionary hypotheses (Ruttan, 1997). By focusing on changes 
in the relative prices of factors of production, universal theories of economic relationships 
that induce searches for alternative technologies have been proposed. Schmookler’s (1966) 
study infers that changes in demand primarily stimulate inventive activity. This contributes to 
the understanding of technological change, but appears limited by its treatment of changes in 
knowledge and societal tastes as exogenous (Nordhaus, 1973a). The induced innovation 
perspective is informative with regard to what will happen if technology, preferences, or 
resources change, but is incomplete if one wishes to consider how these change.6 
 
The implication of an evolutionary framework is that bounded rationality, path dependency, 
                                                 
6 Nevertheless, it can be helpful when thinking about policy action on variables that might influence innovation. 
24 
and co-evolution may need to be addressed by public and private actors to influence the 
outcomes of innovative activities. Whereas many environmental policies focus on market 
failures7, in the area of innovation for sustainability they may be better directed at ‘system 
failures’ (Foxon and Pearson, 2007). Castellacci (2008) advises supporting and fostering the 
‘connections and interactions among the various components of the system, which constitute 
the basic structure defining the properties of a system and its dynamic trajectory over time’. 
 
2.2 Socio-technical approaches and the multi-level perspective 
Building on evolutionary theories, a number of avenues of research have sought to clarify 
how socio-technical processes of knowledge creation and path dependence proceed. A body 
of literature has emerged that presents a clear role for human agency in the creation of 
technological trajectories and their disruption by transitions. This complements traditional 
economic approaches, including induced innovation models. 
 
Consideration is given in Section 2.2.1 to how networks of actors construct the patterns of 
behaviour that define technological paradigms. This has been termed social constructivism. 
Institutionalism, discussed in the Section 2.2.2, blends institutional economics with path 
dependency theory to provide insights into the forces that shape technological trajectories. 
The multi-level perspective (MLP) is one promising recent approach to synthesising these 
different ideas in a single framework. Sections 2.2.3-2.2.4 discuss and critique the value of 
the MLP for transition research. 
 
2.2.1 The social construction of technology 
Bijker et al. (1987) describe how social consensus influences technology selection. By 
compiling narrative descriptions of past technological transitions they present innovation and 
technological stabilisation as sequential organic processes, involving an open-ended 
negotiation of a ‘best fit’ between technology and society. Patterns that have emerged from 
studies of, amongst others, early plastics (Bijker, 1987), synthetic dyes (Belt, 1987), and 
electricity (Hughes, 1983) reveal the features in Table 3. 
 
Social constructivism has been used to help make sense of the complex details surrounding 
                                                 
7 Market failure is said to occur when markets do not bring about economic efficiency. Inefficient allocations of 
resources are often perceived by societal agents in the areas of public goods (e.g. healthy environments from 
which everyone can benefit concurrently), monopoly power and social inequality. 
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actor agency in technological transitions. Although interpretation within this approach can 
depend to some extent on the view of the analyst, it provides the insightful message that the 
evolutionary selection environment is created by the regime as the technological trajectory 
unfolds (Belt, 1987). It also instructs researchers to distinguish between actor groups for 
whom technologies can have different meanings – e.g. scientists, the public, insiders or 
outsiders. Because written standards and regulations are considered to shape expectations and 
dominant designs, the role of institutions is considered in the next section. 
 
During a transition, actors jointly develop a technology by framing the discussion in 
terms of ‘problems’ and ‘solutions’. This enables different groups to unite around an 
objective, which results in one accepted artefact or design becoming an exemplar 
against which other alternatives are judged (e.g. dominant designs, Section 2.1.3). 
Conversely, the initial interpretive flexibility becomes fixed around a meaning that 
cannot easily be altered. For example, lighting standards became established based on 
General Electric’s particular solution for a fluorescent lamp (Bijker, 1995:125). 
Technological 
frame 
The identified problem can become fixed and real in the outlook of society, 
sometimes irrespective of factual urgency. The frame is therefore a source of path 
dependency (e.g. adaptive expectations, Section 2.1.4). 
Stable technological paradigms can become undone if linkages between elements of 
the system are weakened, ‘opening up’ the potential for change (Summerton, 1994:5). 
Perceptions of underlying problems within the technological system, demands of 
renewing competitive advantages and external pressures help to unravel the ‘sweet fit 
between the context and technology’ (Geels, 2007). 
External 
pressures & 
opening up 
External pressures include concerns over externalities (e.g. environment, safety), 
political developments (e.g. war or governance) and changes in broad cultural values. 
Actors tend to articulate a boundary between what is inside and outside a 
technological regime. ‘Insiders’ are likely to generate incremental innovations 
compared to ‘outsiders’ with no vested interest in the existing artefact (Bijker, 1987). 
During technological transitions a social group uses ‘enrolment’ to attract other 
groups to support its variant of the solution. One method is redefinition of the 
problem (Bijker, 1987). Proposing bioplastics as a solution to fossil fuel depletion 
rather than waste accumulation is an example. 
Successful entrepreneurs often address the entire system in which their innovation 
can be situated. Edison addressed influential people, marketing and regulations as 
well as the technical artefacts of electricity provision (Hargadon and Douglas, 2001). 
System 
building 
‘System building’ has been recognised by Van de Ven (1993) as the development of 
an entrepreneurial infrastructure that provides stability through social networks. 
Table 3. Features of socially constructed technological change 
 
2.2.2 Institutionalism 
Path dependency theory has been importantly extended through its application to macro-level 
institutions (Ebbinghaus, 2005; North, 1990; Pierson, 2004). The origins of this work are in 
political economic literature but they relate closely to the observations in Section 2.1.4. The 
fundamental dynamics are familiar: high fixed costs of establishing new political structures; 
the inertia of learning-by-doing; externalities resulting from formalised linkages, and 
reinforcement by increasing returns. 
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The distinction that is made by scholars of institutionalism is that formal institutions have a 
much higher degree of inertia than individuals or firms; they therefore present particular 
challenges in the remediation of path dependent technological trajectories (Campbell, 
2004:13). Williamson (2000) suggests that systems emerge through the gradual alignment of 
four heterogeneous levels: market interactions; contract relations; formal institutions; cultural 
values. He states that each level represents increasing resistance to change, such that higher 
levels constrain transitions in lower levels, which are less embedded within the prevailing 
social paradigm and open to more rapid change (Figure 6). It is therefore important when 
considering analytical frameworks to include the different levels of society and recognise that 
they will react differently to change and at different speeds. 
 
 
Figure 6. Levels of institutional analysis (Foxon, 2003) 
 
2.2.3 The Multi-Level Perspective (MLP) 
Sections 2.2.1 and 2.2.2 introduced two approaches that build on evolutionary economic 
theory. Both of these stress the reinforcing feedbacks between different ‘levels’ of the socio-
technical system. The MLP is a promising approach to the analysis of transitions that 
attempts to incorporate many of the concepts encountered in the preceding sections into a 
broader framework for study. 
 
In the MLP, at the micro level niches are seen as providing the initial applications for a given 
technology, usually in areas where its particular characteristics are especially advantageous, 
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and sometimes while receiving protection from a regulatory or performance standard (Geels, 
2005). Relief from direct competition with incumbent technologies enables users and 
producers to become familiar with innovations and to engage in cost-reducing learning 
processes; it also allows supply chains and other supportive social networks to become 
established. Social networks such as supply chains can be constructed and are built in niches. 
Niches usually develop due to particular characteristics of a technology that are especially 
advantageous, and sometimes while receiving protection from direct competition via a 
regulatory or performance standard. Contemporary examples of policy protection include that 
given to first generation biofuels, which would be otherwise uneconomic, or the mandating of 
biorenewable plastic bags for organic waste collection – a niche application in which low 
barrier performance is outweighed by biodegradability. 
 
At the macro level a landscape is conceived that represents the broader political, social and 
cultural values and institutions that form the deep structural relationships of a society 
(Shackley and Green, 2007:222). The landscape tends to change slowly over time and exerts 
a selection pressure on technologies, in terms of the general political environment, prevailing 
economic trends, and social attitudes about, for example, environmental protection. Changing 
societal attitudes towards climate change are a contemporary example of a changing 
landscape. 
 
At the meso level a socio-technical regime, as we have seen, includes the producers, the users 
and the material elements of the technologies themselves. Rip and Kemp (1998) describe 
these as the ‘engineering practices; production process technologies; product characteristics, 
skills and procedures […] all of them embedded in institutions and infrastructures’, that 
create and reinforce a particular technological system. In a technological transition the regime 
can be seen as the variable undergoing change. 
 
Changes at the niche level (emergence of innovative technologies) or at the landscape level 
(geopolitical events or trends) can act to open up a relatively stable regime and create 
opportunities for the new technology to become more widely adopted (Figure 7). 
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Figure 7. Multi-level framework for the analysis of socio-technical transitions (Geels, 2002) 
 
These factors have the potential to initiate a period of intense technological ‘ferment’ 
characterised by high uncertainty and multiple possible new dominant designs. For example, 
the development of novel biodegradable chemicals from RRM could provide ‘upwards’ 
momentum, whilst greater environmental consciousness amongst consumers is an example of 
possible ‘downward’ pressure. In addition, transitions are understood to occur when regime 
insiders alter rules that influence the direction of technological trajectories (Geels, 2007)8. 
 
In this framework, the success of a new technology is not seen as guaranteed and depends to 
a large extent on whether and how it diffuses and becomes stabilised by new infrastructure, 
social networks and synergistic technologies; but an opening or ‘window’ in an existing 
regime can create breathing space in an otherwise initially hostile commercial environment. 
 
By treating regimes as dynamic variables undergoing change and influenced by both 
landscape and niche level developments, the MLP has provided a way of studying the 
processes of technology adoption in complex systems such as electricity networks (Verbong 
and Geels, 2007), biogas energy (Geels and Raven, 2007), personal road transport (Geels, 
                                                 
8 The influence of a single rule change, however, depends on the degree to which this impacts upon core 
activities, since insiders may concede changes in peripheral rules but leave core rules intact. 
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2005) and non-food crops policy (Bos et al., 2008). The approach recognises that the nature 
of the regime’s ‘purpose’ can be affected by feedbacks from the other levels. For example, 
the services provided by the aviation regime changed to encompass mass tourism, enabled by 
new jet engines, as well as the luxury transport and defence services previously provided by 
piston engines (Geels, 2005:234). 
 
From theory and case studies, four phases have been identified as being common to 
transitions, and five different routes between them have been proposed (Table 4). 
 
Two interlinked applications of the MLP have been proposed. By providing a basis for 
categorising actors and their actions, a socio-technical method for analysing past transitions 
has been developed (Geels, 2005) This method is largely based on the elaboration of 
consistent historical narratives. Secondly, a specified intention of the retrospective 
application of the MLP is to provide a foundation for technological foresight. This includes 
incorporating multi-level transition dynamics into policy-making for sustainability (Kemp et 
al., 1998), and scenario building (Hofman et al., 2004). The five transition routes in Table 4 
indicate how divergent outcomes might transpire from different combinations of landscape, 
policy or niche pressures. 
 
Transition Phases (Geels, 2005) 
Emergence of 
novelty 
New technologies appear in the existing regime or landscape and are interpreted in 
terms of existing paradigm. 
Technical 
specialisation 
Market niches allow learning-by-doing and exploration of new functionalities. 
Wide diffusion New technology breaks through and competes with the established regime. 
Gradual 
replacement 
The displacement of the regime has wider impacts on society. Various niches are 
sequentially conquered. A lag is caused by the longevity of sunk investments. 
Transition Routes (Geels and Schot, 2007) 
Reproduction Endogenous change within the regime; no critical interactions with landscape or 
niche levels. 
Transformation Change arises from interaction of an evolving landscape with the socio-technical 
regime; no critical interactions with niche levels. 
Substitution Novelty occurs in a stable regime where it is initially unnoticed but diffuses by 
linking with the socio-technical regime. The speed depends on landscape factors. 
De-alignment 
/re-alignment 
Interaction between the three levels results opens up the regime to competition 
between an incumbent technology path and other options until one dominates. 
Re-
configuration 
Replacement of a set of interlocking technologies by an alternative array that have 
become linked in hybridised niches. Emergent properties engage landscape changes. 
Table 4. Proposed typologies of transition phases and routes in the MLP 
 
2.2.4 Critique of the multi-level perspective 
The MLP proposes a framework that can be used to address the research questions by helping 
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to understand the socio-technical dynamics of past chemical feedstock transitions and then 
extending this to a prospective analysis of RRM. It offers a structure within which 
evolutionary processes can be identified and incorporated. However, this is an evolving 
research field and several aspects have been highlighted for further development. 
 
One critique of the multi-level approach is that it has proven difficult to translate into policy. 
In 2000 the Dutch Government adopted the propositions of Rip and Kemp (1998) in the 
Fourth National Environmental Policy Plan for addressing system failures (Kemp and 
Loorbach, 2005). The resulting Transition Management approach attempts to steer a strategic 
course towards long-term sustainability goals and draws heavily on preparatory work by 
Rotmans et al. (2001). It places an emphasis on strategic niche management, in which novel 
applications are protected, monitored and connected. 
 
Berkhout et al. (2003) have raised concerns over this application of theory to forecasting 
rather than backcasting. They cite the lack of clear discrimination between future transition 
pathways on the basis of how achievable or desirable they might be. They also assert that 
targeting the most rapid transition routes neglects potentially beneficial features of some 
routes that could ultimately delay the transition, such as diversity, reversibility and disruption 
of power structures connecting actors and institutions9. Therefore, governments can struggle 
to plan for changing priorities or for which technologies should, or should not, be locked into 
a new system. Shackley and Green (2007) have also suggested that Transition Management 
efforts to ‘force’ change can impede technological experimentation and be encumbered by 
needs to engage users and other stakeholders. 
 
The MLP has also been criticised for relying too heavily on transition-types involving 
‘heroic’ storylines and strategic niches identified with hindsight from past transitions. Kern 
and Smith (2007) contend that strategic niche management does not enable the structural 
changes necessary to support radical innovations. However, the typology of transition paths 
in Table 4 is an attempt to address this. Indeed, Meadowcroft (2005:488) has said ‘it is not 
evident that transition management is as dependent on a niche-based strategy as the critics, or 
even some of its proponents, suggest’. 
 
                                                 
9 See also: Markard and Truffer (2008) 
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Research by Raven (2007) and Konrad et al. (2008) has recognised the significance of the co-
evolution between regimes in some transitions. A possible co-evolutionary dynamic has been 
acknowledged ex-ante in this study for the interaction of organic chemical production with 
liquid fuels technologies. Raven’s narrative description of the Dutch waste and electricity 
regimes provides a firm foundation for further exploration of the dynamics of regime-regime 
co-evolution. However, for the purposes of this research into chemical feedstocks the 
narrative approach is considered to not provide a sufficiently robust methodology for 
extending the insights from historical transition studies to foresight applications. 
 
Another discussion that has arisen refers to the inexact definition of the three levels, 
especially ‘regimes’ (Genus and Coles, 2008). Holtz et al. (2008) note that studies of socio-
technical regimes remain largely technology focused despite theoretical indications that ‘soft 
factors’ should be more explicitly included. This debate remains open, but where possible the 
recommendations of Holtz et al. (2008) are accommodated in this thesis. They suggest that to 
ensure transferable insights from the MLP, regimes should be recognisably stable and guided 
toward satisfying a societal function. However, Markard and Truffer (2008) note that there is 
flexibility in how these generic functions are applied, and prefer to consider regimes as 
possessing socio-technical couplings that are not substitutable. Holtz et al. (2008) also 
suggest ‘autonomy’ as a pre-requisite. Since this thesis seeks to explore the role of inter-
regime co-evolution, Chapter 7 returns to the topic of autonomy of regimes. 
 
The value of the MLP lies in its explanation of technological transitions in terms of the 
interplay of stabilising dynamics at the regime level plus destabilising factors from both 
bottom-up and top-down interactions. Whilst the existing literature indicates its suitability for 
the study of past transitions, the discussion in this section has highlighted areas in which its 
application to prospective technological change might be approached cautiously. 
 
2.3  Innovation in the operational research and management literature 
In recognition of the critiques of the MLP approach (Section 2.2.3), other fields of research 
have been explored for appropriable techniques. One research tradition presented here is that 
of complex systems analysis and system dynamics. Functionally employed by management 
and engineering practitioners, it has sought to understand how interactions in complex 
systems can lead to unanticipated emergent properties such as path dependent growth or 
feast/famine cycles in supply chains. The development of simulation modelling has 
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contributed a potential tool for the formalisation of hypothesised feedback cycles so that they 
might be tested against observed real-world outcomes. Feedback cycles have been identified 
as playing a central role in co-evolutionary models, but as Murmann (2003:235) explains, 
‘such models need to be based on a solid empirical footing that has to be developed first.’ 
This section introduces system dynamics as a possible empirical tool. 
 
2.3.1 A systems approach to innovation 
‘Systems thinking’ recognises that the structure of a complex system can mean that 
interactions between elements yield non-linear outcomes (i.e. the behaviour cannot be 
described simply by the sum of its parts) (Von Bertalanffy, 1950). Whilst individual elements 
may seek equilibrium, the system itself may exhibit oscillating or chaotic behaviour that 
arises from their varied interactions. Examples include the difficulty of projecting the growth 
of one apparently self-regulating market segment without considering the behaviour of the 
wider economy; or the potential under-estimation of climate change through a 
misunderstanding of complex feedback effects. Feedback loops are key aspects of complex 
system structure; ‘behaviours’ are fed back to either regulate or amplify the effect over time 
(Ackoff, 1974). Thus, interactions can be influenced by prior states of the system, which can 
exhibit a ‘memory’. The concept of path dependency (Section 2.1.4) considers the influence 
of feedbacks from past events on the long-term technological trajectory. 
 
Section 2.1 introduced technological regimes as complex systems of innovation. The 
importance of feedback effects has been much cited by scholars of innovation and systems 
thinking (Fagerberg, 2003; Freeman and Soete, 1997; Kline and Rosenberg, 1986). ‘Systems 
of innovation’ viewpoints reject mechanistic cause-and-effect models that are unable to 
endogenise the radically different outcomes that can arise from small changes in initial 
conditions (Foxon et al., 2004:109). There is, therefore, an imperative to consider the 
structure of networks of actors whose activities and interactions ‘initiate, import, modify and 
diffuse new technologies’ (Freeman, 1987:1). Systems of innovation perspectives have found 
favour with researchers seeking to explain why some regions exhibit greater innovative 
capacity than others with similar resources, a common outcome that is rare in linear 
economic models. 
 
A principle of simulation modelling in operational research is that in socio-economic models 
‘soft factors’, such as expectations of the future and bounded rationality, should be 
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incorporated alongside ‘hard factors’, such as price and thermodynamics, if the modeller 
wishes to avoid omitting important factors that may lead to system failure (Forrester, 1992). 
Engineering and economic systems have provided ready subjects for simulation as the 
successful prediction of outcomes can reward investors. These systems can generally be 
considered within limited boundaries and from known initial conditions. The principles, 
however, have application in broader socio-technical modelling for policy decisions where 
dynamic feedback mechanisms may compound imperfect decision-making, for example 
through exponential growth or decay (Forrester, 1961). This modelling discipline has 
developed as System Dynamics10. 
 
2.3.2 System dynamics 
Although system dynamics has been primarily applied to management problems it has also 
found application in the innovations literature about decision-making for sustainable energy 
futures (Maalla et al., 2008; Santoro, 2006; Struben and Sterman, 2008). The theory is that 
modelling the complexity of the real world requires an understanding of the decision-making 
processes that are actually employed by actors in the economic system. Inclusion of such 
factors in quantitative models is claimed to improve simulation of real world processes as it is 
better to include an estimation of potentially key variables rather than deny their influence. 
Such a model therefore requires collection of qualitative information as well as numerical 
data, extensive sensitivity analysis, and the formulation of the feedback loops involved. 
 
Formulation of feedback loops involves construction of qualitative ‘causal loop diagrams’ in 
dynamic hypotheses of how the system components interact. These diagrams provide an 
interpretation of the structure of the system, which conditions how decisions are made. By 
making this structure explicit, these representations challenge any private mental models held 
by researchers about complex social behaviour and technical interactions. Causal loop 
illustrations of historical behaviour have been recognised as valuable tools for understanding 
the structure of systemic linkages and how the dynamics might operate (Coyle, 2000; Homer 
and Oliva, 2001). 
 
Continuation to quantitative simulation by parameterizing the causal relationships is 
                                                 
10 Radzicki and Sterman (1994) and Wolstenholme (1982) provide an overview of system dynamics and its 
history in Operations Research, including a controversial early application to resource limits by the Club of 
Rome (Meadows et al., 1972). 
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sometimes appropriate (Morecroft, 2007; Morecroft and Heijden, 1992). The simulated 
behaviour of the system over time can thus be compared with the historical reality before 
being projected onto future scenarios. However, quantitative modelling is not the focus of 
this thesis. In the case of the multi-level, socio-technical systems described in Section 2.2, the 
complexity, scope and difficulties of quantification are considered to make simulation 
inappropriate. Allen (2001) makes this point persuasively with regard to the pitfalls of 
modelling complex systems. 
 
It has been suggested that whilst applying qualitative causal loops to technological foresight 
is highly challenging, it can offer a powerful complement to quantitative analysis by 
highlighting the feedbacks that could be explored and targeted to enable, nurture or reinforce 
promising developments (Cavana and Mares, 2004; Hjorth and Bagheri, 2006). Table 5 
presents conventions for causal loop construction. 
 
Symbol Explanation 
+ Where a positive sign accompanies the arrow then a change in the variable at the stem 
of the arrow will lead to a change in the variable at the head in the same direction but 
not necessarily by the same magnitude 
- Where a negative sign accompanies the arrow the opposite is true and an increase in X 
will lead to a decrease in Y, or vice versa 
R A complete loop of positive arrows indicates a positive, or reinforcing, feedback which 
will continue to increase the magnitude of each variable in the loop in the absence of 
other influences. 
B A loop containing an odd number of negative arrows will be balancing, and through a 
goal-seeking process will try to limit the effects of the increase. Connected reinforcing 
loops can prevent balancing mechanism from reaching their goal. 
|| Double lines on an arrow indicate that there is a delay in the transmission of 
information. This is a key feature that can prevent efficient functioning of management 
systems through overshooting of targets leading to cycles of profits or actor 
motivation. 
 
 
. 
The boxed variable is used to indicate a stock rather than a flow. Stocks are variables 
that are cumulative and which would remain tangible even if all the information flows 
were severed, i.e. they can be isolated in time and measured. 
Blue text The sections in blue are coloured to depict the variables in the regimes in this study, 
and those in  
Green text The sections in green show landscape developments that are mainly exogenous to the 
liquid fuels and organic chemicals regimes. 
Table 5. Causal loop nomenclature, from Sterman (2000) 
 
Below are two examples. The first is adapted from Unruh (2000) who uses feedback loops to 
explain ‘carbon lock-in’ in road-based transportation (Figure 8). Arrows indicate direct causal 
links through which ‘information’ flows. Where a positive sign accompanies the arrow then a 
change in the variable at the stem of the arrow will lead to a change in the variable at the head 
in the same direction but not necessarily by the same magnitude. For example, if driving 
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increases positively, fuel taxes collected increase; if driving is reduced then fewer taxes are 
collected. A complete loop of positive arrows indicates a positive, or reinforcing, feedback 
which, in the absence of other countervailing influences, will continue to increase the 
magnitude of each variable in the loop. This is denoted by R. Where a negative sign 
accompanies the arrow then an increase in X will lead to a decrease in Y, or vice versa. A 
loop containing an odd number of negative arrows will be balancing, and through a goal-
seeking process will try to limit the effects of the increase. This is denoted by B. 
 
 
Figure 8. Causal loop diagram of a system that fosters lock-in in automobile transportation 
 
In the ‘Institutional account balancing’ loop in Figure 8 the stated goal is to meet the desired 
tax revenue and thus have a shortfall of zero. If tax revenue overshoots this loop operates as a 
self-correcting mechanism, but the associated loop ‘Increasing reliance on road taxes’ 
captures the notion that government spending tends to inflate if secure means of funding are 
located. Financial planners therefore seek to balance this revenue stream with spending 
increases and this prevents the balancing mechanism from reaching its goal. The variable 
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‘Expand road network’ can be viewed as the construction process that takes adds external 
resources to the stock of existing roads. These elements of structure (stocks and flows, 
information loops and decision rules) define the feedback loops in any system. 
 
As described in Section 2.1.5, feedback systems are of particular relevance to technological 
transitions shaped by co-evolution. For example, two goal-seeking systems, or technological 
regimes, can exert a reciprocal destabilising influence on each other. System dynamics theory 
informs us that the historically-founded structure of the systems can determine future 
developments. Causal loops offer a method of capturing and articulating this system structure 
for co-evolution. Figure 9 suggests the feedbacks in a simple co-evolutionary ‘arms race’, 
and Appendix B portrays those involved in the multi-level transition described by Raven 
(2007). The latter of these indicates the complexity problem associated with socio-technical 
regimes. 
 
It is important to differentiate between stocks (boxed variables, such as Scale of Road 
Network in Figure 8), which accumulate over time, and flows. In his study of the 
development of the synthetic dye-industry, Murmann (2003) cites three main co-evolving 
populations, or stocks: dyes, universities and firms. He contends that flows between these 
stocks included molecular discoveries, personnel, lobbying information, financial support and 
knowledge. Significantly, several of these flows were reciprocal. Because of interaction with 
the exogenous environment, the system structure itself adjusted to landscape influences and 
discoveries outside this system. Whilst Murmann does not describe co-evolution between two 
regimes, he demonstrates the importance of distinguishing the stocks and flows in co-
evolutionary processes. Changes to stocks alter the state of the system reversibly, but new 
flows can change the structure more permanently (Klüver, 2002). 
 
Figure 9. Causal loop representation of co-evolutionary 'arms race' 
37 
2.3.3 Critique of systems dynamics 
Systems dynamics is a discipline that has been developed specifically for understanding non-
linear systems. As such, it is suited to the study of co-evolution and path dependence. A 
structured approach to identifying feedbacks is especially desirable since claims of co-
evolution in other socio-economic studies have attracted criticism for lacking rigour 
(Norgaard, 2005; Winder, 2005; Winder et al., 2005). 
 
The user of causal loop diagrams faces the challenge of reducing the complexity of the 
structure to a tractable level whilst retaining sufficient detail to capture important 
relationships: the richer the structure the more difficult it becomes to reconcile individual 
flows with system behaviour. Furthermore, experience suggests that fully linked complex 
diagrams are laborious to decipher and may not ultimately provide the analyst or reader with 
a sufficient grasp of the resulting behaviour. This has demanded attention in the development 
of the methodology described in Chapter 3, as the process of causal loop construction is 
adopted there to allow niches and transition phases to become more clearly apparent (Burchill 
and Fine, 1997; Luna-Reyes and Andersen, 2003). 
 
Some other concerns about system dynamics can be appreciated from the discussions that 
followed publication of The Limits to Growth (Meadows et al., 1972). The report presented a 
very high-level macro model of the global economy, designed to indicate that economic 
growth was necessarily linked to irreversible exhaustion of environmental carrying 
capacities. Criticism focused on: non-statistical aggregation of dissimilar variables in terms 
such as pollution; lack of empirical evidence for quantification; and underestimation of 
technical efficiency improvements (Nordhaus, 1973b). Chesshire and Surrey (1975:60) 
observed that ‘because of the mathematical power of the computer [versus mental models], 
the predictions of computer models tend to become imbued with a spurious accuracy 
transcending the assumptions on which they are based.’ This episode has undoubtedly 
strengthened more recent system dynamics modelling, which has largely been confined to 
systems with more manageable boundaries. However, it provides a reminder of the dangers 
of over-aggregation and lack of historical grounding in parameterisation. More recently, 
Myrtveit (2005) has contended that the structure of the causal loops in The Limits to Growth 
was largely correct. 
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2.4 Technological change and the chemical industry 
Hughes (1983) and Geels (2005) argue that innovation systems in different industrial sectors 
display distinct characteristics. Haber (1989) states that this is especially true of the chemical 
industry, which is distinguished by features such as extensive vertical integration. This 
section reviews studies of innovation in the chemical industry. 
 
2.4.1 Product-focused studies 
Stobaugh (1988) focused on 9 important petrochemicals11, in a study of product and process 
innovations that sought to identify motives for innovation. Relevant results indicated that four 
factors generally explain the differences between product and process innovators in the 
chemical industry (Table 6). 
 
Different 
timescales 
Innovation of new products can take up to 100 years, compared to only a few years for process 
innovations. 
Networks 
Successful innovators build communication networks and act to reduce market uncertainty, 
since product innovators require more contact with the market, local markets become important 
to their location decisions. 
Scale 
Scales of capital, risk, and necessary communication networks can preclude smaller firms from 
product innovation, whilst less than one third of process innovations were sufficiently major to 
displace the existing practice; product innovators have only ever reached a few dozen large 
firms worldwide. 
Multiple 
uses 
Chemical innovators expand of the number of uses to build systems around product 
innovations; patent protection and vertical integration do not guarantee dominance. 
Table 6. Four factors that separate petrochemical product and process innovators (Stobaugh, 1988) 
 
Cooper and Kleinschmidt (1993) analysed 103 product innovation projects at 21 major 
chemical firms to ask what makes a new product a winner? They observed that critical 
factors included: superiority to competing products; product differentiation; and synergies 
with existing research routines. Hufbauer (1966) concluded the following for synthetic 
materials innovation: Probability of an innovation within a firm is increased by its number of 
other recent innovations; oligopoly and monopoly are the rule and product ‘secrets’ can 
remain restricted for 30 years; and although the industry is ‘footloose’12, exports rarely 
exceed 30% of production. 
 
                                                 
11 Acrylonitrile; cyclohexane; isoprene; synthetic methanol; orthoxylene; synthetic phenol; paraxylene; styrene 
monomer; vinyl chloride monomer. 
12 Firm location is not dependent on local market or resource endowment. 
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2.4.2 Firm-focused studies 
Mansfield et al. (1977) and Freeman and Soete (1997) studied innovations in various 
chemical firm sizes in the US, respectively using a Delphi gauge of innovation importance 
and an analysis of patent trends. They found 1930-1950 to be a period of rapid innovation. 
Unlike other industries studied, the organic chemical industry exhibited close correlation 
between firm size and success in product innovation, whilst intermediate firms were the top 
process innovators. This made the top 5 firms13 ‘extraordinarily resilient’ (Freeman and 
Soete, 1997:130), generating 58% of all new products and 60% of all radical innovations. 
Achilladelis et al. (1990) proposed that only through successful radical innovations could 
new firms generate the revenues to compete with the majors. In addition, whilst industrial 
R&D labs are of particular importance to innovation in chemical firms, collaboration with 
universities was crucial during the early stages of both petrochemicals and biotechnology. 
 
2.4.3 Institution-focused studies 
Mahdi et al. (2002) found that chemical innovation processes interact with pricing, 
competition, intellectual property and environmental regulations. They conclude that the 
overall regulatory environment can act to direct firms towards socially desirable paths of 
innovation. They question whether regulation itself reduces innovation, but recognise the 
negative impacts of high compliance costs. 
 
Grant et al. (1988) studied the development of the UK policy environment for chemicals 
production. They identified a core policy community comprising the government ‘sponsoring’ 
department plus trade associations and firms, but also more specialised policy communities 
for sub-sectors, which had links to departments of energy and environment. These networks 
conferred solidity on official sectoral classifications despite sometimes tenuous links between 
peripheral products and the core. In government-industry relations, they note, power tended 
to favour the industry, which sought autonomy to pursue its own solutions. The apparent 
reasons are not easily separated from the historical development of the relationship, which 
evolved a mutual dependence based on the importance of the industry to governments 
(strategic or military considerations) and the importance of governments to the industry, 
which frequently required support for large infrastructure projects. 
 
                                                 
13 Bayer, BASF, Hoechst, Du Pont, and ICI. 
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2.4.4 Discussion 
Previous studies of innovation in the chemical industry provide a sound indication of the 
dynamics that might feature prominently in a technological transition in the sector. They 
portray an industry with a marked tendency towards concentration, vertical integration and 
control of markets. The dominance of major firms has an impact on path dependency in 
technological trajectories, through institutional and innovation activities. Institutionally, the 
mutual dependence between government and the industry provides stability to existing 
technological configurations, but is still vulnerable to ‘innovation shocks’ that can initially 
suppress innovative activity and open up the technological regimes (Mahdi et al., 2002:31). 
 
Product innovation (research and development of the first units) in the chemical industry is a 
slow and highly capital-intensive process but has central importance. Larger firms have been 
able to manage research demands by linking profitable new commodities. To sustain 
innovations in the technological regime, innovators seek to have the product adopted for 
numerous uses and access existing value chains. Thus, products that can more easily achieve 
this are favoured. Outsiders are disadvantaged in this regard but since radical innovation is 
critical even to endogenous renewal of the trajectory, outsiders can link up with a disrupted 
regime through partnerships. Stobaugh (1988) considers suppliers of services to be highly 
important links, and often as important as suppliers of goods, in terms of influencing 
innovation outcomes. 
 
2.5 An analytical framework for studying the past and future co-evolution of chemical 
feedstocks and liquid fuels 
It has been argued in this chapter that technological change is a process that involves 
feedbacks between technologies and the broader socio-technical environment. Hence, in 
considering the past and future development of chemical feedstocks, it is important to 
incorporate the resulting dynamics that have shaped, and will further shape, the technological 
regime. The relevant literature reveals various frameworks that have been proposed for the 
consideration of these dynamics but, as discussed, in isolation each presents drawbacks. 
 
It is contended here that the evolutionary approach to understanding technological change is a 
sound basis for interpreting paradigms, trajectories and transitions. Nevertheless, it does not 
provide a framework for study. Evolutionary economics generally focuses on measurable 
actions and decisions of firms rather than the broader inclusivity recommended for innovation 
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systems. Social constructivism imparts a number of important processes that add a social 
dimension to technological path dependence. It demonstrates that cultural judgements 
constantly interact with technological possibilities and that it is impossible to consider society 
and technology as different entities. However, both social constructivism and institutionalism 
are limited in their outlook, providing only partial insight into the dynamics, which are also 
likely to be determined by the ‘harder’ technical attributes of chemical processes. 
 
It is proposed that the flexibility and clarity of the MLP can enable combination of several 
elements of the existing literature into an analytical framework for the systematic analysis of 
past and future transitions. This section presents the resulting framework used in this thesis. 
Firstly, Sections 2.5.1, 2.5.2 and 2.5.3 introduce the way in which the different levels of the 
MLP are treated. This provides necessary clarification of the boundaries of technological 
regimes – the systems under consideration. Secondly, in Section 2.5.4 systems dynamics is 
introduced as a method of overcoming the concerns regarding translating insights from 
historical to foresight applications. It is anticipated that addressing this weakness of the MLP 
might improve its effectiveness for specific policy problems. Lastly, Section 2.5.5 addresses 
the concerns about the treatment of regime-regime co-evolutionary dynamics in the MLP. 
Each section aims to incorporate distinct attributes of the chemical industry. 
 
2.5.1 Regimes 
In the MLP socio-technical regimes are the units undergoing change, which results from 
absorption of technical novelty from the niche level and interaction with the external 
landscape level. Regimes are generally considered to be complex goal-seeking systems that 
aim to provide a societal function and which are stabilised by networks of actors, institutions 
and infrastructure. However, because they are prone to disturbance from other levels – and 
possibly other regimes – they often operate far from equilibrium with prohibitive ‘activation 
energies’ against path-switching or, less commonly, internal destabilising forces. While an 
agreed definition of a regime has yet to be developed in the literature, it is considered that 
there is merit in following Geels and Schot (2007) in focusing on the level at which scientists, 
policy makers, entrepreneurs and special-interest groups share a matrix of norms and implicit 
rules14. 
                                                 
14 Rules shared by the regime actors and which arise from routines, heuristics, legislation and the inflexibility of 
physical or economic assets. 
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The analytical framework used in this thesis defines two distinct, but interrelated, socio-
technical regimes that fulfil separate societal functions: the Organic Chemical Production 
Regime and the Liquid Fuels Production Regime. 
 
Firstly, the organic chemical industry can be regarded as a distinct regime because of its 
extremely high levels of interconnectedness (Section 2.4.3). Whilst the products of this global 
industry serve a multiplicity of societal demands, it draws on a shared educational base, 
common practices, united political advocacy, and connected management, capital and 
political accounting that group the industry’s products by established classifications15. This 
interconnectedness enables consideration of changes in feedstock use that might globally 
disrupt the basis of the industry. Nevertheless, it is recognised that disruption would affect 
different functional outputs differently. 
 
Secondly, the production of, and institutions associated with, gasoline, diesel and novel bio-
based liquid fuels can be viewed as a distinct regime, not least by virtue of the industry’s 
historical corporate structure. The vertical integration of the major firms from well-to-pump 
has generated political and institutional structures that unite actors involved in the provision 
and use of liquid transport fuels. 
 
Within the two regimes three types of ‘broad actor groups’ (Hugh et al., 2007) are considered 
to constitute the societal elements of the socio-technical networks: insider firms; outsiders 
plus technology developers; and social and public organisations (Geels, 2007). The first two 
of these are considered to include decision-makers who respond to changes in the regime. 
Insiders are those whose activities are embedded in the prevailing socio-technical paradigm; 
in the case of organic chemicals this can be considered to be petrochemical production. 
Outsiders’ activities are not in the core of the regime but are using or developing technologies 
that peripheral, or which have the potential to become more established. Due to the nature of 
the modern chemical and fuels industries, social and public organisations must be considered 
at the regional, national and supranational (EU) level. The constituents of these groups for the 
two regimes are discussed further in Chapter 3 alongside the iterative process of research that 
informed the precise framework for the study of RRM in the UK 
                                                 
15 e.g. In the EU PRODCOM ‘PRA.24.14 Organic Basic Chemicals’ is the accounting code for almost all bulk 
organics regardless of end-use (EC, 2007). Section 2.4.3 refers to the broader defining effects of sectoral 
classifications. 
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2.5.2 Technologies and technological niches 
Following Section 2.1, innovative technologies are seen as new routes to achieving the 
functions of the regimes. Technological variety can arise from product or process innovations 
and the manner in which this interacts with the existing regime can be radical or incremental, 
depending on the extent of the ‘fit’ with current practices and infrastructures. Competing 
technologies undergo a process of evolution in which differential selection rates yield 
dominant designs that can become stabilised. 
 
It is considered that the MLP rightly places a large emphasis on technological niches. 
Although much of the successful innovation in the chemical industry is undertaken by large 
firms, it is apparent that because performance of radical novelties is initially low, they are 
deployed first in areas that are shielded from mainstream market selection. New synthetic 
materials, for example, were used in unique applications where low performance 
characteristics were outweighed by new desirable functionalities such as extremely high 
electrical insulation. Technological niches are considered to be applications that have a 
smaller market volume than the expected potential of the innovation. Expectations are not 
technically fixed but arise from combinations of firms’ ambitions, long-term government 
targets, and scientifically assumed physical constraints. In historical studies a potential hazard 
of defining technological niches with hindsight is the general absence of counterfactuals. 
Cooper and Kleinschmidt (1993) recognised this feature of the high turnover of R&D in the 
chemical industry and researched ‘projects’ rather than products. Niches must therefore also 
include unsuccessful attempts at commercialisation. 
 
2.5.3 Landscape changes 
The landscape refers to the wider exogenous environment in which the socio-technical 
regime locates itself. Aspects of the landscape influence the socio-technical development 
politically and culturally (e.g., globalisation, environmental problems, cultural changes) and 
materially (e.g. the spatial arrangements of populations, highways, and industrial 
infrastructures). Landscapes are beyond the direct influence of actors and change only slowly 
compared to niche and regime shifts. Landscape factors that are likely to be significant for 
UK chemical production and RRM include: human responses to climate change concerns, 
global trends in resource extraction and costs, and supranational legislation for safety and the 
environment. 
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In construction of the analytical framework, caution is stressed with respect to the pitfalls of 
relying on technological niches as the dominant sources of disruptive change. Published 
concerns have mostly related to the reliance on transition-from-niches in policy or foresight 
applications of the MLP. This is acknowledged as arising from the much greater uncertainties 
perceived in the landscape compared to the evolution of a particular technical idea or artefact. 
However, landscape changes have been cited as highly instrumental in past transitions and so 
discerning their mode of influence in the historical transition to petrochemicals should allow 
greater awareness of their possible roles in scenarios for the future. 
 
2.5.4 Socio-technical dynamics 
Dynamic feedbacks are identified as integral to socio-technical transitions but have been 
poorly articulated by researchers employing the MLP. Following an exploration of the system 
dynamics modelling tradition, it is proposed that causal loop diagrams be incorporated into 
the analytical framework in order to test hypotheses about the system’s structure According 
to the operational research literature, it is this structure that influences how a system of 
innovation is likely to evolve. Furthermore, understanding these feedbacks could help focus 
policy and engineering research on exploring steps to encourage the evolution of technology 
pathways trajectories and the interactions between the two regimes at niche, regime and 
landscape levels. 
 
The system dynamics literature has developed accepted methodologies for gathering 
information that informs causal loop diagrams. This is introduced in Chapter 3. Because 
methodologies for generating foresight within the MLP framework are undeveloped in the 
published literature, the incorporation of practices from related disciplines could help to 
advance these ambitions in the area of innovation for sustainability. 
 
2.5.5 Incorporating co-evolution 
Over the past half century the two regimes of Organic Chemical Production and Liquid Fuels 
Production have achieved a high level of integration of processes and industrial ownership, 
supply chains and governance, developing the efficiency and cost advantages of mature 
technical systems and co-located infrastructure. The two regimes have together influenced the 
patterns of current organic chemical feedstock use. Thus, these reciprocal inter-sectoral 
interactions suggest a particularly important role for feedbacks between regimes when 
applying the MLP to these technology fields. 
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Most of the work to date on the MLP has not looked deeply at the importance of intersecting 
socio-technical regimes, possibly because of the particular case studies selected. 
Nevertheless, because the appeal of the MLP as an analytical framework lies partly in its 
inclusivity, the possible inference that all regimes may be separated and studied 
independently seems inappropriate. More recent research within the MLP tradition, published 
some time after the research design in this thesis was developed, has recognised and 
described reciprocal regime-regime interactions (Konrad et al., 2008; Raven, 2007). For the 
objectives of this thesis, this is an area requiring further attention if a robust platform for 
generating foresight is to be developed. 
 
The analytical framework presented here does not aim, however, to construct a formal model 
that delineates and exhaustively describes co-evolutionary dynamics. Equally it does not 
argue that regime-regime co-evolutionary processes are integral to all applications of the 
MLP; clearly there are cases where their influence will be lesser or greater. But it is argued 
that the possibility of overlaps and mutual dependencies between regimes should be 
incorporated ex ante so that important feedbacks might not be overlooked. It is hoped that the 
inclusion of regime-regime co-evolution in the analytical framework will provide insights 
into how close alignment of the provision of separate societal functions can influence 
technological transitions. 
 
2.6 Summary 
The considerations presented above warrant an approach to research that accounts both for 
interactions between different levels of the socio-technical system being considered and for 
the possibility of regime-regime co-evolution. The analytical framework aims to provide a 
common language for discussing and categorising these interactions. Causal loop diagrams 
are incorporated as a complementary tool that can identify specific structures of the flows of 
information influencing the evolution of socio-technical regimes. Existing and proposed 
configurations of chemical process technologies are retained at the heart of the framework 
and placed into context alongside other economic and social factors. 
 
This chapter has critically reviewed relevant concepts from the literature for the study of 
technological change. A review of prior studies of technological change in the chemical 
industry has also been presented to describe the strengths and weaknesses of different 
approaches with respect to the specific nature of the chemical sector. The conclusions from 
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these reviews have been formulated into a analytical framework to enable the empirical 
analysis of the dynamics of technological transitions in the chemical industry and the 
opportunities for renewable raw materials. Chapter 3 introduces the possible approaches to 
research in the area of techno-economic regimes and develops a methodology for employing 
the framework in this thesis. 
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3 Methodology and Approach 
 
This chapter describes how the research strategy evolved from the start of the thesis project 
and the methods chosen to approach and address the research questions. Following an 
overview of some important aspects of the research process, a critical reflection on the 
selected qualitative research methods is provided. These four main methodologies are treated 
in separate sections. Section 3.3 describes the process analysis of events that has been used 
for the historical analysis. Section 3.4 introduces the techniques for capturing dynamics and 
mental models in causal loop diagrams. Section 3.5 discusses theories of qualitative case 
study analysis and the interview technique that was developed for the foresight study. Section 
3.6 describes the purpose and background to scenario-building for generating foresight and 
how it has been employed in this thesis. Section 3.7 closes the chapter with a summary of the 
strengths and limits of the described methods, and some concluding remarks. 
 
3.1 Development of the research strategy 
The research approach introduced in Chapter 1 and elaborated in the sections below has been 
developed iteratively by incorporating new theoretical knowledge in appropriate analytical 
tools. Two particular reasons behind this kind of approach were: 
► The lack of an accepted methodology for applying the MLP to derive and apply 
insights from past transitions, leading to some trial and adjustment (Section 2.2.4); 
► The increasingly intense levels of activity in the area of biorefineries and RRM during 
the development of the research strategy (Section 3.1.6). 
 
Robson (2002:56) outlines an iterative process for developing real-world research strategies. 
In the next sections, these steps are used to frame the development of the methodology. 
 
3.1.1 Getting to know the area 
This research has benefited from a studentship granted for the study of long-run energy use 
and its implications for green chemistry. Green chemistry is an approach to chemical 
production that stresses the environmental impacts of all process steps (Anastas and Beach, 
2007; Anastas and Warner, 1998; Sheldon, 2008). It comprises 12 principles (Table 7). 
 
Sjöström (2006) identifies Use Renewable Resources as being the principle where the 
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majority of different practitioners and policies intersect. It is also the point of interaction with 
a number of future energy technologies, such as renewable fuels (Clark et al., 2006; Eckert et 
al., 2007; Okkerse and Bekkum, 1999). Since an influence of energy technology changes on 
past innovations in chemistry has been implied (Van Den Bergh et al., 2006), these features 
made RRM a suitable focus for study within the green chemistry field. 
 
1 Prevent waste  
2 Design safer chemicals and products  
3 Design less hazardous chemical syntheses  
4 Use renewable feedstocks Å 
5 Use catalysts, not stoichiometric reagents  
6 Avoid chemical derivatives  
7 Maximize atom economy  
8 Use safer solvents and reaction conditions  
9 Increase energy efficiency  
10 Design chemicals and products to degrade after use  
11 Analyze in real time to prevent pollution  
12 Minimize the potential for accidents  
“Use raw materials and feedstocks that are 
renewable rather than depleting. Renewable 
feedstocks are often made from agricultural 
products or are the wastes of other 
processes; depleting feedstocks are made 
from fossil fuels (petroleum, natural gas, or 
coal) or are mined.” 
Table 7. The 12 Principles of Green Chemistry (Anastas and Warner, 1998) 
 
Robson (2002) recommends ‘going public’ to get feedback on early research. An early piece 
of research was published in Bennett (2007b)16,17 that explores past interactions between the 
chemical sciences and the energy landscape. The article establishes an ongoing relationship 
between the two sectors using a time-series analysis of publications on energy topics in 
leading UK chemical publications between 1841 and 2005, which involved intensive data 
collection and categorisation. Three notable periods of activity were revealed: 
► The period before the widespread use of electricity and batteries in the 1860s; 
► The period prior to WWII; 
► The period following the 1973 oil shock. 
 
As well as intense innovative activity in chemicals firms18, the 1930s-1940s saw significant 
changes in feedstocks and energy sources, making it an appropriate period for historical 
study. Quantitative data on UK energy use shows the precise timings of these transitions. As 
anticipated, the main transition from coal to fossil petroleum and natural gas – a situation that 
has persisted to the present – occurred in the mid-20th Century (see Section 4.2). 
                                                 
16 And presented in Bennett and Pearson (2007b). 
17 Other early findings were made public in articles and presentations (Bennett, 2007a; , 2008a; , 2008b; , 2008c; 
, 2008d; , 2008e; Bennett and Pearson, 2007a). 
18 As described in Section 2.4.2 
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3.1.2 Widening the experience 
Lancaster (2002) identifies four types of barriers to the uptake of green chemistry: 
knowledge/technological; culture/communication; economic; regulatory/legislation. It was 
important to gain an understanding of these diverse areas and they were constructively 
discussed with experts at Imperial College, the Royal Society of Chemistry and the IEA 
Petrochemicals Dialogue. To understand and evaluate system dynamics modelling techniques 
a module was followed at London Business School. A better understanding of policy 
processes was gained through a five month internship at the EC Directorate General for 
Transport and Energy. Chapter 2 detailed the literature review undertaken to incorporate 
these aspects into the research. 
 
3.1.3 Enhancing creativity 
Theory on the principles of biological evolution was co-opted to help critically review the 
literature on technological evolution. Returning to first principles in this way provided a fresh 
and challenging outlook on the theory, which generated original ideas for combining the two 
disciplines. This process proved valuable when confronted by the concept of co-evolution, a 
term that is often applied inconsistently (Kallis, 2007). The concept is used in this thesis to 
refer to the linked evolutionary paths of chemical and liquid fuels technologies, but a strict 
application of co-evolutionary theory was rejected in the absence of a clear equivalence 
between processes in the biological and innovation domains. 
 
3.1.4 Avoiding pitfalls 
Robson (2002) warns against selecting research questions that cannot be answered or have 
already been answered. After an exploration of price and consumption data for hydrocarbons 
in the chemical industry over time, it was concluded that the breadth of the chemical industry, 
the reliance on over-the-fence sales, and the paucity of publicly available firm-level data, 
precluded the composition of a long-run quantitative time series within this thesis. 
 
Following Lipsey et al. (2005), a recurring question during the scoping stage of the historical 
work was: ‘can the adoption of so-called platform chemicals be considered to have displayed 
the features of General Purpose Technologies19, and what does this imply for a transition to 
                                                 
19 Technologies, such as the steam engine or electricity, which are able to revolutionise the economy through 
their flexibility and pervasiveness (Bresnahan and Trajtenberg, 1992; Lipsey et al., 2005; Rosenberg, 1998). 
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a new feedstock base?’ This remains a fascinating subject, and aspects of it have been 
incorporated into the discussion section of this thesis. However, the imprecise definitions of 
General Purpose Technologies and the considerable data gathering requirements for this part 
of the overall research topic placed this outside the boundaries of the thesis. 
 
Two additional questions that emerged from a scoping of the literature on biorefineries were: 
‘what is the current status of biorefinery developments in the UK and Europe?’ and ‘how is 
the debate about competing biorefinery concepts helping or hindering the development of the 
new industry?’ In fact, the first of these was concurrently considered by the EU project 
Biopol (2009), and the other has been addressed by this author elsewhere (Peck et al., 2009). 
 
3.1.5 Focusing and defining the research boundary 
Following the scoping phase, the research project was focused on two main data collection 
activities: a process analysis of the events and dynamics that shaped a past transition, and a 
case-study analysis of current actor perspectives on RRM and biorefineries. These techniques 
were selected to tackle the core research questions systematically and link the historical 
aspect of the study to the foresight application. Non-core research activities were left outside 
the research boundary. One piece of work that was considered for inclusion was the story of 
one of the first modern bioplastics, BiopolTM, developed by ICI. Biopol was not successfully 
commercialised as a bio-based, biodegradable material. Its inclusion was proposed as a case 
study to counteract the suggested selection bias towards successful innovations in many 
research studies (Denrell, 2003). Although a series of telephone interviews was conducted 
with ex-ICI managers and scientists, this was eventually not judged to be a core research 
activity because Biopol was developed after the end of the studied historical transition period 
and in a different socio-economic landscape to the present-day. Nevertheless, some 
conclusions and lessons were gained and were published elsewhere (Bennett, 2008c) and it is 
considered a suitable subject for a detailed future piece of management science research. 
 
The study of complex systems requires that a system boundary be articulated. Morecroft 
(2007:50) suggests that the boundary should be guided by the inclusion of all likely causal 
interactions without adding unnecessary complexity. It was decided that in order to be able to 
achieve sufficient resolution from the historical and contemporary work, a geographical limit 
would be placed. The UK was chosen due to the accessibility of good quality historic 
numerical data, the possibility to undertake a coherent set of investigative interviews, and the 
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ability to achieve consistency between the two time periods by applying the same boundary 
in each case. This limit does not imply that influences external to the UK have not been, are 
not, or will not be of importance to UK feedstock transitions, but that they are treated more 
like ‘landscape’ influences. This is consistent with the policy levels in the UK20. This 
geographical boundary is also supported by the spatial concentration and regional 
peculiarities of the two regimes, despite their global reach. Regional differences may be 
enhanced for renewable feedstocks, due to the diversity of biomass resources21. 
 
This is primarily a study that seeks to incorporate qualitative techniques into an analysis of 
technological transitions in the area of chemical feedstocks. It is undertaken in the context of 
the broader transition to a more sustainable society and has the ambition of contributing new 
knowledge to inform policymaking in this area. However, it is also necessary to outline what 
is not included within the boundaries of this research: 
► The statistical history of fuels and feedstocks use. Where possible, quantitative data 
have been incorporated to indicate how consumption patterns and technology costs 
evolved during the period considered. However, due to gaps in the available data, 
statistical analysis has not been extensively undertaken and it does not seem highly 
likely that a cliometric or econometric study would have revealed additional 
important relationships that would materially have augmented the analysis. 
► Scenario modelling. Processes adopted from system dynamics modelling have been 
employed to help understand the dynamic structure of the system. While continuation 
to quantitative simulation is sometimes appropriate, the difficulties of quantification 
of the complex relationships between chemical technologies and their societal context 
placed simulation of scenarios for RRM outside the boundary of this thesis. 
► Extensive technical assessment. Wherever possible the technical characteristics of 
chemical production technologies have been reviewed and are incorporated in the 
discussion. However, it should be stressed that where there exist conflicting evidence 
or gaps in the literature, it has not been attempted to comprehensively ascertain 
technical potentials. This is notable in the consideration of energy/exergy balances, 
                                                 
20 Evinced by the statement of the UK (former) Department for Business Enterprise and Regulatory Reform that 
they aim to ensure ‘that the UK continues to…develop the full range of technologies and mechanisms required 
to capitalise on the opportunities Industrial Biotechnology presents. Thereby ensuring that UK companies are 
better positioned to leverage and generate wealth-creation opportunities on a global scale’ (BERR, 2008b) 
21 Northern Ireland did not feature in the historical narrative in Chapter 4 or the interview results, and is largely 
omitted from the discussion as a result. 
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life cycle environmental impacts, and the extent of the available biomass resource. 
► Direct policy recommendations. Ideally, policy decisions should be informed by an 
evidence base that includes cost-based modelling, scientific advice and social impact 
assessments. In recognition of the limits of the methodology, this thesis does not 
recommend specific policy measures but indicates how policy might be able to 
address the findings about the socio-technical dynamics of technological change and 
thereby hopes to assist policy makers in thinking more clearly about the role of policy 
in possible futures for RRM and biorefineries. 
 
3.1.6 Iterative Revision of the Approach 
As noted, the methodology presented in the following pages resulted from an iterative 
process, in which the postulated approach was revisited in the light of new knowledge and 
events. For example, ‘outsider’ organisations were included amongst the interviewees after 
they were found to have influenced the historical transition. Likewise, new information about 
RRM indicated relationships between actors, or motivational factors, that could be explored 
in the historical period by expanding the events database. And the emergence of a debate over 
the influence of biofuels policy on the global food price spike in 2008 spurred an exploration 
of the parliamentary records for similar concerns about policy intervention in the historical 
period. Table 8 shows examples of developments in RRM since 2004, demonstrating the 
intense levels of activity in this period. This rapidly changing situation has made the selected 
technology area a particularly fascinating subject for study, but it has also demanded a 
flexible and responsive research method. 
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US Department of Energy published the report Top Value Added Chemicals from Biomass (USDoE, 
2004). No similar reports had been published in Europe at the time 
DuPont Tate & Lyle commercialised Sorona, a polymer partially manufactured partially from a 
renewable raw material 
2004 
NatureWorks commercialised polylactic acid (PLA) polymer in the UK 
First International Conference on Renewable Resources and Biorefineries 
UK Renewable Transport Fuels Obligation conceived (came into force in 2008) 2005 
UK’s first large-scale biodiesel plant began operation 
The first book published on biorefining (Kamm et al., 2006) 
European Bioplastics Industry Association established 
IEA held their first Petrochemicals Dialogue 2006 
Bioscience for Business Knowledge Transfer Network, the first initiative directed at the ‘bio-
economy’, launched by the UK government22. 
The first UK reports on biorefineries were published by the National Non-Food Crop Centre in 2007 
(NNFCC, 2007; Smith, 2007) 
IEA Task 42 ‘Biorefineries: Co-production of Fuels, Chemicals, Power and Materials’ launched 
First UK bioethanol plant in response to biofuels legislation opened 
First UK dedicated biomass power station opened in response to renewable power legislation 
Bioplastics World began publication 
2007 
EC Lead Markets Initiative for Bio-based Products announced (EC, 2007) 
EC call for research projects on biorefining for 2007-2013 worth 2 million Euro 
OECD Task Force on Industrial Biotechnology established 2008 
Bioplastics Council launched by BASF, Cereplast, Natureworks, Telles, DuPont and Arkema 
Table 8. Important developments in the field of RRM and biorefineries 2004-2008 
 
3.2 Adapting methods to fit the analytical framework 
As discussed in Chapter 2, several strands of the literature can be synthesised to tackle the 
research problem. The absence of a single widely accepted theoretical framework with which 
to understand long-term technological transitions is an indication of the plurality of methods 
that have been used to illuminate different elements of complex socio-technical systems. 
 
The dynamics of technological change in past periods of upheaval and transformation have 
been subjected to both qualitative and quantitative analyses (Grübler et al., 1999). Long-run 
economic analyses of sequential technological developments have suggested an explanatory 
role for the relative costs and prices of the services provided in determining the success of 
new innovations (Fouquet, 2008; Nordhaus, 1997). But they also support the MLP’s more 
complex description in which the rapid diffusion of new techniques depends on actor groups 
and network externalities (Dosi et al., 1988). Innovations do not appear haphazardly and 
become adopted wherever they confer an economic or social advantage. The process of 
innovation is endogenously influenced by actors and institutions who perceive a problem 
with existing methods. Disruptive innovations are also sometimes opposed socially by 
                                                 
22 The Knowledge-Based Bio-Economy (KBBE) is an ambition of the European Union. It targets the benefits of 
maximising the exploitation of RRM to provide transport fuel, chemicals, and advanced foods and feeds. 
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incumbent actors, such as the dominant firms in an industry, to whom change appears 
detrimental to their interests (Christensen, 1997). 
 
The analytical framework described in Chapter 2 demands the use of a methodology that can 
address the essential complexities of the MLP and also clearly identify the dynamic 
feedbacks of transition processes for presentation in causal loops. The following sections 
present the methodologies adopted for the retrospective and the foresight research. These 
techniques draw respectively on both qualitative and quantitative approaches to handling 
complexity and replicability. A systematic process analysis of events has been adopted from 
the innovation and organisational research literature for the retrospective work and a case 
study interview approach has been applied for the foresight research. Both methods have 
been adapted to the analytical framework by the use of techniques from systems dynamics 
modelling practices. These techniques were explored for their ability to complement the 
narrative outputs of the historical analysis with a more finely grained assessment of the 
underlying industrial dynamics. The MLP is a young theoretical framework and its 
combination with system dynamics methods represents a novel approach. 
 
3.3 Process Analysis of (Historical) Events 
The intention of the retrospective analysis is to define the main interactions underpinning the 
observed behaviour of the organic chemical regime and liquid fuels regime during the UK 
transition from coal-based to petrochemicals. It must therefore answer two questions: 
► What was the observed behaviour at regime level? 
► What were the flows (e.g. information, finance, personnel) that connected the 
components of the system (e.g. institutions, infrastructure, artefacts) and what 
influence did they have? 
The first of these can be partially addressed using a quantitative approach. The second can be 
tackled by the non-trivial task of ‘mining’ literature sources to collect and connect events in 
the two regimes. 
 
3.3.1 Identifying Trends and Overall Behaviour 
Suitable data for the compilation of long-run energy-use trends was located by seeking out  
UK official publications from 1853 to 2006. Statistical digests detail national-level quantities 
of energy products extracted, consumed, imported and exported. Whilst aggregate energy-use 
data have previously been collated elsewhere for trend analysis (BERR, 2008a; Fouquet, 
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2008), time series’ of non-energy end-uses of energy products had not been previously 
assembled. The resulting trends are presented in Chapter 4 and show a sharp reduction in the 
percentage of coal in chemical feedstocks from approximately 1946 until its total 
displacement by 197523. This indicated the period of analysis around which events would be 
relevant. 
 
3.3.2 The Events Database 
Hekkert et al. (2007:427) consider that statistical variance approaches can be well-suited for 
‘explaining continuous change driven by simple uni-directional deterministic causation [but 
ignore] the order of events…the qualitative aspects of the various processes and the richness 
of the information they generate are often neglected.’ To strengthen empirical work on the 
dynamics of innovation they propose to map the activities that take place within the system 
using a process analysis as formulated by Van De Ven et al. (1999). This approach 
‘conceptualizes development and change processes as sequences of events’, encompassing 
‘continuous and discontinuous causation, critical incidents, contextual effects and effects of 
formative patterns’ to ‘map system dynamics’ (Hekkert et al., 2007:427). 
 
The process analysis method was originally developed for firm-level studies but has also 
been applied at system (regime) level (Negro et al., 2007). In this thesis, the stepwise method 
of Negro (2007:38) was followed and records of key historical events related to 
developments in UK petrochemicals were collected in a database. Events 
(speeches/comments made, reports published, legislation passed, investments made, 
production trends etc.) were systematically identified and retrieved from: 
► Official and unofficial histories of firms (ICI, DCL, BP, Unilever, Shell, Dow, etc.) 
► Government legislation, parliamentary debates and related publications 
► Contemporary academic articles and subsequent history studies (e.g. from Annals of 
the Association of American Geographers; The Economic History Review; Journal of 
Industrial & Engineering Chemistry; Science Studies and 5 others) 
► Publications of learned societies (e.g. Journals of the Chemical Society) 
► History of technology studies (e.g. Galambos  et al. (2006), Stratton and Trinder 
(2000)) 
                                                 
23 Although data for renewable feedstocks, such as alcohol, waxes and pigments, is not available at the same 
resolution, it is considered that their use was not above 5-10% of the total feedstock consumption. 
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► Texts on political history (e.g. Grant et al. (1988), Jones (1981)). 
 
The database records were categorised according to year, implicated system components and 
causal effects. Initially the events were given equal emphasis, to avoid selection biases that 
could influence the subsequent analyses (George and Bennett, 2005). The main events were 
then compiled into a historical narrative and patterns identified. 
 
Since it is the nature of feedstocks in their most general form that underpins the 
contemporary discourse on biorefineries and RRM (Chew and Bhatia, 2008; Grundberg, 
2008; Kleinert and Barth, 2008; Koutinas et al., 2007), it was considered necessary to include 
a wide range of sources. The system boundary for determining inclusion was kept temporally 
broad, from the late 19th century until the 1980s, so that the end-point was not inappropriately 
pre-determined. The events included were defined by their having some causal link to 
subsequent events within one or both socio-technical regimes; this therefore included relevant 
landscape changes and events in related regimes. Seventy-three distinct sources were 
searched for both quantitative and contextual data and well over a thousand (1311) events 
were catalogued. They range from speeches by captains of industry, to national policy 
decisions, to details of physical and financial investments made in research or production 
capacity. 
 
3.3.3 Identifying Patterns and Developing the Narrative 
The database records (events) were sorted into chronological order, and then ordered within 
historical episodes relating to particular technological developments, thus divesting them of 
any contextual meaning from the secondary sources. Within these historical episodes causal 
maps were drawn and refined until a picture emerged of the main bifurcations and consequent 
feedback cycles, noting any intersections of the regimes. The narrative was composed to 
depict how these events were linked, as recommended by Poole et al. (2000). Validation of 
the narrative, on which the causal loops are built, was conducted by discussing its key 
features with experts in the field. 
 
3.3.4 Discussion 
Figure 10 provides a screenshot of the database tool. This shows that space was made in the 
process for incorporating specific functions of flows between actors and technologies, in 
accordance with Negro (2007). However, during use of the tool it was judged that to allocate 
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each event to particular sets of flows and actors at the point of data entry would not lead to 
the effective elucidation of interactions. Most events involve multiple flows, actors and 
causal effects. It was considered that by limiting this by such strict categorisation the analysis 
could become biased towards the preconceptions of the researcher about the important 
interactions. Therefore structure was provided to the events database during narrative 
development after the initial data collection phase. In line with the analytical framework, the 
events were coded as to the levels of the MLP and the regimes they were associated with. 
 
 
Figure 10. Data entry screen from the Access database tool 
 
Process analysis of events seeks to determine the dynamics of technological change using 
emergent patterns from a mosaic of interrelated historical events (Hekkert et al., 2007)24. One 
objective of this thesis is to propose a systematic method for extending historical analyses of 
socio-technological transitions in order to provide insight into prospective transitions. Process 
analysis enables incorporation of qualitative aspects into an objective account of how causal 
                                                 
24 Geels (2002:1272) earlier used the term ‘mosaic’ to describe the transition from sailing ships to steamships, 
which ‘…occurred as a shifting mosaic of elements, as changes building upon each other, and processes 
gradually linking up and reinforcing each other,’ and said that his analysis would ‘use a mosaic style of writing, 
shifting between different elements of the sociotechnical regime.’ 
58 
sequences of events can lead to feedbacks that promote or retard change; however, it does not 
take the next step of linking the feedbacks together to learn the structure of the system 
undergoing change. In the next section, the system dynamics literature is reviewed for 
methods of defining and portraying current structure from historical data. 
 
3.4 System Dynamics and Causal Loop Diagrams 
System dynamics and causal loop diagrams were introduced in Section 2.3.2. System 
dynamic practitioners have experience of building models incorporating quantitative and 
qualitative data from real-life situations. A methodological process exists for modelling 
business problems with three key phases: 
► Gaining familiarity with the history of the situation and its strategic direction; 
► Interviews with key stakeholders to sample opinion and gather detail; 
► Involving expert opinion in an iterative process of model building (Morecroft, 1999a). 
 
This section describes some established methodologies of using literature and interviews to 
gather detail for causal loops, and then discusses how the resulting ‘dynamic hypotheses’25 
can benefit from validation by seeking expert opinion. This is followed by a description of 
how the historically-grounded feedback loops can be used as a tool for structuring qualitative 
information relating to uncertainty in contemporary technological systems. 
 
3.4.1 Causal Loop Construction – The List Extension Method 
A causal loop diagram depicts a succession of cause-effect relationships in a circular fashion 
so that as many variables as possible are both causal and affected variables. The intention is 
to represent the reality that ‘living systems, including social and economic systems, display 
feedback characteristics…so that they represent an endless chain or a causal loop, and that 
the initial cause becomes a high order impact of itself’ (Mohapatra et al., 1994:51). For this 
reason Sterman (2000:94) advocates a broad model boundary in order to internalise the 
influences and limit the number of exogenous variables. In the context of the analytical 
framework the ambition is therefore to endogenise all variables that are within the regime, 
with only landscape pressures exogenised. Causal loops can be formed from quantitative and 
qualitative data (Towill, 1993). Table 9 lists six types of information that reveal relationships. 
                                                 
25 Working theories of how the problem(s) arose, depicted using causal loop diagrams that help understand how 
it might evolve in the future (Sterman, 2000:94). 
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Conservation 
considerations 
Flows of physical entities (raw material, product, people, capital) obey the principle of 
conservation. 
Direct observation For instance, it is observed that housing construction rises with a rise in population pressure. 
Instructions Strategy and policy makers can dictate (written and unwritten) rules that regime actors respond to. 
Accepted theory Available economic theory can tell us that technical efficiency is likely to improve with higher installed capacities. 
Hypothesis and 
assumption 
In the absence of evidence, it can be assumed that as public awareness of climate 
change rises, governments will be under more pressure to regulate. 
Statistical evidence Multiple regression studies can inform relationships between, say, cost, price and demand. 
Table 9. Types of information that can establish causal relationships (Mohapatra et al., 1994:51) 
 
The List Extension Method devised by Coyle (1996:31) is commonly used by practitioners 
for constructing causal loops from these sources. It will not be described fully here, but it is 
worth noting why it was chosen. Importantly, it is a systematic process of building up from a 
small number of variables considered central to addressing the research problem. A map is 
developed by linking their most immediate influences until the loops satisfy a closure test. 
 
3.4.2 Using historical data 
Sterman (2000:90) has said of system dynamics model building, ‘the time horizon should 
extend far enough back in history to show how the problem emerged and describe its 
symptoms’. This reasoning makes the case for using causal loop diagrams to visualise the 
dynamics narrated in a process analysis. 
 
By using a wide variety of sources, the process analysis method employs triangulation to 
reveal the eventful periods that led to the historical technological transition under study. 
Whilst the entire period studied presents a highly complex and expansive system, by breaking 
up the narrative into a sequence of episodes, causal loop diagrams could be constructed using 
the list extension method. Detailed, and arguably subjective, narratives were thus  reduced to 
a sequence of episodes that reflected the system structure. By communicating these clearly 
and visually they can be challenged, revised and validated. They also enable consideration of 
counterfactual scenarios that may have arisen if positive feedbacks were impeded or reversed. 
 
Common variables in separate diagrams provide the links between the episodes in time and 
the regime behaviours. Within the analytical framework it is these linkages that suggest the 
overall structure, including the importance of regime-regime co-evolutionary interactions. 
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3.4.3 Using interview data 
Once the historical structure has been articulated it can be validated and populated with 
information about the contemporary research problem. Future decisions will be taken on the 
basis of perceptions about these causal relationships and attributes related to the new 
technologies. Morecroft (1999b) explains that sampling opinion through interviews with key 
stakeholders is the main technique for understanding views and positions shaping the system. 
 
Although system dynamics practitioners advocate developing the causal maps during 
successive meetings with interviewees, the constraints of PhD research and access to 
influential stakeholders made multiple interviews with each person problematic. However, 
this was partially addressed by using the interviews to discuss and revise causal loops. The 
following guidance from system dynamics methods was adopted to achieve this. 
► Express the problem situation in terms of performance through time by prominently 
locating a known factor, such as capacity or cost; 
► Use language that is recognised and used by informants; 
► Limit the diagrams to under 20 variables to reduce complexity; 
► Encourage interviewees to add new variables and loops as per their mental models. 
 
3.4.4 Validation 
Morecroft (1999b) recommends an iterative process of consensus-building around a model. 
Where to begin a causal loop and where to stop are genuine causes of concern (Mohapatra et 
al., 1994). It is tempting to try to include each conceivable variable without much aid to the 
research aim. Validation is necessary to help map only the most relevant activities. In this 
thesis interviews with regime participants were complemented with expert opinion. Feedback 
on early causal loops from Prof. Morecroft at London Business School was invaluable. 
Applications to RRM, biorefineries and their possible scenarios were validated through 
feedback from Dr Marshall of Imperial College and Dr Hardy of the RSC and UKERC, 
colleagues and conference audiences. The topics discussed were: 
► The system’s broad architecture and connections; 
► The use of terminology and vocabulary; 
► The influence of real-world counterparts to the variables. 
One important outcome was learning that stakeholders do not easily grasp the (positive and 
negative) signing conventions of causal loops. As a result, directional adjectives were used 
when communicating with interviewees. 
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3.4.5 Application to RRM and biorefineries 
Taking the retrospective dynamics and mapping them onto the modern industrial dynamics is 
an important methodological step. Since the structure that translates plans and decisions into 
actions is understood to have some permanence, this step proceeded through a relatively 
simple substitution of analogous variables. The resulting diagrams were checked for internal 
logic before proceeding to validation and interviews. Figure 11 gives an example. 
 
 
 
Figure 11. Translation of a subsection of causal structure from petrochemical to biorefinery perspectives 
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3.4.6 Discussion 
Causal loop diagrams have often been used in conceptualising real-life problems, explaining 
dynamic effects to stakeholders, and rehearsing new policies that might interact with system 
structure. It is this system structure that is used to provide consistency between the 
retrospective and foresight analyses in this thesis. 
 
Sterman (2000:22) asserts that a given representation is only one possible way of interpreting 
the problem, and states that any attempt at measurement is an act of selection26. The 
advantage of visual language is that technological trajectories can be seen in the context of 
their interactions, but care and objectivity are requirements for application of this method. In 
addition, there is a need for caution in balancing the need for comprehensiveness with 
accessibility to stakeholders. These issues are further discussed in Chapter 7. 
 
3.5 Semi-structured interviews and the case study approach 
As introduced earlier, the research comprises two stages: a predominantly desk-based 
analysis of a historical transition, followed by an exploration of how the framework can be 
applied to the prospective introduction of more sustainable chemical feedstocks. The chosen 
approach to the second task is the use of semi-structured interviews with actors who are in a 
position to influence the socio-technical regime. This method has been devised with the aim 
of generating new empirical and theoretical insights about gaps in publicly-available 
knowledge. The gaps in Table 10 were identified from the retrospective analysis (Chapter 4) 
and from the innovations literature (Chapter 2) and indicate a need for qualitative data. 
 
Gaps in knowledge (themes) Questions to be addressed 
What is their level of knowledge of the area? Understanding of actors in the system 
How consistent is their language? 
Where are synergies being sought (e.g. by-products, supply chains)? Regime-Regime Co-evolution 
Is there concern about competition between regimes? 
Are ‘dominant designs’ emerging in feedstocks/processes/products? Technology choices 
Are choices determined by ‘demand pull’ or ‘technology push’ effects? 
What judgments determine new plant location? Spatial path dependence 
What patterns of development are expected? 
What connections exist between actors? Actor Networks 
Which actors are expected to play a role in spurring/stalling change? 
How is the current policy environment influencing decisions? Policies 
In which areas is (further) intervention sought by actors? 
Causal loop diagrams Is collaborative mapping useful for describing real-world dynamics? 
Table 10. Questions on RRM to be addressed by the qualitative research methodology 
                                                 
26 For instance, common definitions of GDP consider extraction of natural resources as production not depletion. 
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3.5.1 Case Studies as a qualitative research technique 
As noted, the analytical framework recognises the social and institutional aspects of 
technological transitions. As already mentioned with respect to system dynamics, gathering 
information about these aspects requires a qualitative approach. Qualitative approaches 
generally interpret data through the identification of themes, concepts, and contexts, in order 
to build explanations or test theories. Techniques include case studies, participant 
observation, interviews, surveys, and discourse analysis; they often use complimentary 
quantitative data to organise material. In this thesis case studies have been chosen that 
incorporate interview data, as well as relevant written and technical data, within the analytical 
framework. 
 
According to Eisenhardt (1989:534) ‘the case study is a research strategy which focuses on 
understanding the dynamics present within single settings’. In the terminology of Yin (2002) 
this is an exploratory study in which the objective is to extract new information about the 
subject prior to defining a final hypothesis. It is a technique common to topic areas where 
comprehensive theoretical frameworks or empirical support are lacking (Eisenhardt, 1989). 
Improved understanding of the system under consideration is thus allowed to emerge and 
become grounded across a number of relevant cases (Glaser and Strauss, 1967). 
 
In any study using qualitative data the limitations of the method must be considered up front 
and steps taken to maximise validity and reliability of results. These steps are outlined and 
addressed below. The resulting interview method is then described. 
 
3.5.2 Threats to validity 
Saunders et al. (2007:319) describe validity as the extent to which the researcher ‘gains 
access to their participants’ knowledge and experience, and is able to infer a meaning that the 
participant intended’. Table 11 lists threats to validity in qualitative research. 
 
Threat Cause 
Inaccuracy/Incompleteness Inaccurate or incomplete data 
Interpretation problems Imposing a framework from the start that should actually be revised or modified 
Reactivity The researchers presence affecting the setting of the study 
Respondent bias Participants withhold information if researcher is seen as a threat or try to give answers researcher wants (‘good bunny syndrome’) 
Researcher bias Researcher brings particular prejudices and preconceptions 
Table 11. Threats to validity, according to Robson (2002:171) 
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There are recommended strategies for minimising or eliminating such threats. A common 
approach is to use triangulation or ‘multiple operationalism’ (Huberman and Miles, 1998). 
Glaser and Strauss (1967:68) advocate the comparison of diverse ‘slices of data’. Theory 
suggests that validity is greater if convergence is seen between a number of measures or 
approaches. Table 12 presents a typology of triangulation methods. 
 
Triangulation type Method Threat(s) to validity addressed 
Data 
triangulation 
Use of different data sources Inaccuracy or incompleteness; 
respondent bias 
Investigator 
triangulation 
Comparison of results from different 
researchers 
Reactivity; respondent bias; 
researcher bias 
Theoretical 
triangulation 
Approach data with multiple perspectives/ 
hypotheses in mind 
Interpretation problems 
Methodological 
triangulation 
Address same item in study with more than 
one method 
Inaccuracy or incompleteness; 
reactivity 
Table 12. Triangulation for improving research validity (Denzin, 1970:301-10) 
 
Incorporation of data triangulation into this study has been through the use of as wide a 
variety of data sources as practicable. This guided the selection of a representative range of 
interviewees from each of seven different actor groups. The organisations represented by 
these actors were chosen so that both small and large firms were represented. Information on 
specific technologies relating to RRM and biorefineries was built up from academic 
publications, press releases, attending conferences, seminars, and discussing developments 
with practitioners in the field. A risk with using a variety of sources in this new technology 
area is the temptation to ‘cherry-pick’ supporting evidence. Therefore, emergent themes were 
only identified where they were corroborated by more than one source and hypotheses were 
generated once the data collection was complete. 
 
Investigator triangulation was not used directly in this study due to the constraints of the PhD 
research. Reducing the threat of reactivity was tackled through practice interviews before 
advancing to real-world fieldwork. The threat of researcher bias in causal loop and scenario 
construction was addressed by the consultation of experts in the field (Section 3.4.4) 
 
Theoretical triangulation is central to research in fields in which a comprehensive theoretical 
framework is lacking. This research is conducted from the standpoint of an analytical 
framework that incorporates a number of different theories. Different innovations theories 
could be tested and evaluated from the interview data, for example social constructivism or 
institutionalism. Thus, it was necessary to ‘collect data that would refute central hypotheses’ 
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(Denzin, 1970:303), to assess different theoretical points of view according to their utility, 
and keep records of how the data were interpreted and the hypotheses revised (Mason, 1996). 
 
Methodological triangulation is observed in this study through the use of quantitative data to 
describe past and current trends, the use of historical narrative and causal loop diagrams, and 
the use of qualitative interview data to probe the opinions of influential actors in the field. In 
the foresight aspect of the study it was necessary to make a choice between qualitative 
research and quantitative modelling. Several quantitative modelling options presented 
themselves, including general equilibrium optimisation modelling and system dynamics 
simulation. As stated by Foxon et al. (2004:109) the evolutionary multi-level approach to 
technological change ‘has not (yet) yielded a model in mathematical form to match or replace 
the epidemic and rational choice models of diffusion’ traditionally favoured by economists. 
This limits the potential to employ a positivist approach of testing a hypothesis against a 
knowable and measurable ‘truth’ (Robson, 2002:168). 
 
3.5.3 Reliability 
Reliability is a central concern in qualitative data collection. Justifying why data that have 
been collected via a chosen method can be trusted requires careful consideration. Gray 
(2004:138) asserts that reliability conditions are met ‘if the findings and conclusions of one 
researcher can be replicated by another researcher doing the same case study’. In a fast-
moving field such as technologies for sustainability it is necessary to add the caveat that 
findings may change with time. The general principle is nevertheless valid and procedures 
have been documented, as recommended by Yin (1994). 
 
3.5.4 Generalisability 
Yin (1994:1) considers that case studies are preferred when ‘the investigator has little control 
over events’ and ‘the focus is on a contemporary phenomenon with some real life context’. 
These conditions are relevant to the study of RRM and biorefineries and reveal that this type 
of case study is similar in nature to a ‘single experiment’ and consequently presents problems 
of generalisation. Because small sample sizes can introduce bias, Saunders et al. (2007:319) 
have stated that in such situations ‘qualitative research using semi-structured or in-depth 
interviews will not be able to be used to make generalisations about the entire population’. 
 
On the other hand, Robson (2002:183) qualifies this by saying that although multiple cases 
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do not allow for ‘statistical generalizations’ they allow for ‘analytical generalization’, e.g. 
findings and patterns of data. This type of generalisability is ‘theory-carried’, meaning that 
research results can be implied by means of a analytical framework to a wider scope where 
other cases fit this framework (Smaling, 2003). Other cases might thus be determined that 
exhibit similar concepts, irrespective of specific technological or social attributes (Figure 12). 
Chapter 7 discusses further how the results obtained in this thesis might approach greater 
universality. To support these claims, the triangulation methods outlined above increase 
scope, depth and consistency. 
 
 
Figure 12. Schematic representation of the process of theoretical generalisation (Sim, 1998) 
 
3.5.5 Semi-structured interviews 
Opinions, organisational strategy and organisational capabilities are considered to play an 
important role in the analytical framework. For contemporary problems this information is 
available only from the subjects of the study themselves. Surveys, interviews and observation 
are all established case-study methods for investigating attitudes (Robson, 2002; Saunders et 
al., 2007). Of these, interviews enable an exploration of the relevant factors with more 
complex questions and more complete responses (Eisenhardt, 1991; Saunders et al., 2007). 
 
Semi-structured interviews provide the opportunity to ‘probe’ answers, encouraging 
interviewees to ‘explain, or build on, their responses’ and ‘lead the discussion into areas that 
you had not previously considered but which are significant for your understanding’ 
(Saunders et al., 2007:315). This flexibility to respond to the interviewee and open up new 
and interesting lines of discussion was considered valuable. Fixed interview structures and 
survey-based methods are limited in these regards. Observation-based studies, as described 
by Ritchie and Lewis (2003) require the researcher to join the constituent study population. 
Gaining first-hand access to the government and corporate decision-making procedure for 
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RRM would be limited to a small actor group if it were possible at all. Given the potential 
breadth of actors implicated by the analytical framework, this was not deemed suitable here. 
 
Robson (2002:59) considers that semi-structured interviews are able to address not just the 
outcomes of an action, but the mechanisms by which one follows the other, and the particular 
contexts in which they operate. This corresponds with the causal loop diagram methods 
described in Section 3.4, and indicates that the two approaches might be usefully combined. 
Whilst semi-structured interviews have predetermined questions, the order can be modified, 
explanations given and inappropriate questions can be omitted for certain interviewees. As a 
result, substantial advance preparation for semi-structured interviews is required (Table 13). 
 
Planning ► At least 30 minutes of interview are required to generate useful results 
► Prepare a sequence of questions, which might be subject to change 
► Create an interview schedule with questions, prompts and specific comments 
Questions ► Short, straightforward, non-challenging, non-leading 
► Open (unconstrained responses that generate insight into what the respondent really believes and 
can produce unanticipated answers), Closed (discrete number of possible answers), or Scale 
(options indicating strength of feeling) 
Conduct ► Avoid biasing answers and appearing to share or welcome respondents views 
► Use prompts consistently with different interviewees 
► Take a full record. 
Table 13. Recommendations for semi-structured interviews (Robson, 2002:274-281) 
 
Using these proposals, guiding protocols were devised and utilised in the execution of all 
interviews27. The ‘base protocol’ was updated to cover additional emergent themes that were 
followed up by email or phone when it became necessary to fill gaps. In several cases, sample 
questions were sent in advance at the interviewee’s request – not uncommon in field research 
(Easterby-Smith et al., 2002). These requests were mainly to understand the nature of the 
interview for suitability or confidentiality reasons, and to ensure that the correct individual 
from the organisation was interviewed. The protocol outline had the structure in Table 14. 
 
                                                 
27 See Appendix D for examples and description of protocol and prompts. 
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Step Question/Topic Motive Type Gap in Knowledge 
1 Introduction Put interviewee at ease - - 
2 Background (context) Learn which topics are important to them Open All 
3 Response to bold 
statement [Prompt] 
Explore views on the bigger picture Open Understanding; 
Co-evolution 
4 Actor groups [Prompt] To build actor networks for UK RRM Closed Actor Networks 
5 Causal loop diagram 
[Prompt(s)] 
Structure discussion around feedback. 
Record disagreements/additions. 
Open All; Causal Loop 
Diagrams 
6 Possible UK locations 
[Prompt] 
Gain opinions on initial locations and 
long-term distribution of plants. 
Open Spatial Path 
Dependence 
7 Scenario matrix 
[Prompt] 
Discuss technological/strategic synergies Open Technology choices; 
Co-evolution 
8 Biorefinery definition Learn how the concept is being socially 
constructed 
Open Understanding; 
Technology choices 
9 Influential policy levels See how the policy regimes are regarded Closed Policy 
10 Any other comments Learn other areas of concern. Open All 
Table 14. The semi-structured interview steps and logic 
 
Interviewees were identified against a diagram of relevant actor groups that emerged from the 
historical work (Figure 13). Within each group a number of organisations were targeted that 
were active in the UK, or would soon be active in the UK. Start-ups as well as large firms 
were specifically identified. The starting point for the outsider groups was the list of ‘core’ 
industrial biotechnology companies developed by BERR (2008c); others were added from 
contacts, publications and discussions with the Chemical Industries Association. Initial 
contact with thirty individuals was made by email, and followed up by telephone. Nine 
organisations identified after the interviews had begun were also added. 
 
 
Figure 13. Actor groups map for identifying interviewees 
 
A target of twenty one interviews – three from each actor group in Figure 13 – was initially 
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set. This was revised upwards to twenty eight due to a good response rate (75%) in order to 
increase data validity28. One deviation from the initial plan was that two start-up companies 
were included that do not yet have a UK base. This was in order to include the specific 
technologies of polyhydroxyalkanoate biopolymers and chemical catalytic advanced 
bioprocessing. Appendix E provides case study summaries of all interviewed organisations. 
 
One-hour interviews were conducted with appropriate persons from twenty eight 
organisations between October 2008 and March 2009. Twenty two were face-to-face and 
twenty were at the interviewees’ premises. Interviews were recorded in all except two cases 
and full transcripts made, resulting in 140 921 words of transcribed material. 
 
3.5.6 Data Analysis 
Analysis of qualitative data presents a particular challenge to researchers seeking to interpret 
material with satisfactory reliability and validity. The data analysis technique described in 
this section was selected in advance of data collection in order to avoid what Kvale (1996) 
has called ‘the 1,000-page question’29. 
 
It was intended that the case studies disclose new information about how actors in and around 
the organic chemical regime are likely to influence the introduction of renewable raw 
materials. Open interview questions provide insufficient insight without a process for sorting 
the transcribed material in the context of the analytical framework. This process must also 
enable complimentary classifications of responses to the closed and scaled questions, and link 
this to the retrospective analysis of the transition to petrochemicals. 
 
The interview questions were devised to address gaps in knowledge across seven themes 
(Table 14). For four of these, open questions allowed interviewees to expand answers and 
reveal motives, but generated lengthy transcripts. Relating this information to the themes thus 
required coding or ‘unitising’ of data (Saunders et al., 2007:479). It was considered 
appropriate to use ‘thematic coding’, which is recommended for studies with themes derived 
a priori (Flick, 2002: 185). Although the case study method is exploratory, it is also 
structured by the theory presented by the analytical framework and focused by the historical 
                                                 
28 Thomson (2006) found that the mean sample size in grounded theory studies was 24, whereby data gathering 
from the interviews can be understood to have become repetitive with emergence of no new data. 
29 ‘How shall I find a method to analyze the 1,000 pages of interview transcripts I have collected?’ 
70 
insights. This contrasts with ‘open coding’ – designed for analysing data collected in order to 
develop and ground new theory (Strauss and Corbin, 1990:61). 
 
The coding process involves the assignment of relevant statements within the text to a 
hierarchy of categories that is developed from the material itself as the coding proceeds. It is 
described more fully by Saunders et al. (2007:185-190:481) who use the distribution of codes 
between groups of interviewees to reveal trends in opinions. This was well-suited to 
comparing statements of the different actor groups on the identified themes. Firstly, four 
dominant categories were delineated from the four themes addressed by open questions. 
Since policy issues affect all the other three areas, it was decided that it would be difficult to 
assign any statements solely to this category. In addition, Technology Choices was 
considered to be better split into two constituent elements. Secondly, within each category 
two opposing classifications were identified to give further resolution (Table 15). 
Explanatory codes were added at the third level to locate the purpose of the coded statements 
more precisely (Appendix F). No explanatory codes were named in advance: they were 
named as the issues emerged from the transcripts, were applied repeatedly where appropriate, 
and were linked to, but not constrained by, the higher levels of the hierarchy. The third level 
was the level at which policy issues were assigned. At the explanatory level the codes were 
named using language used by the interviewees as per Dey (1993: 98). 
 
Dominant Categories Opposing Categories 
Biofuels driven (BD) Co-evolution (COE) 
Chemicals driven (CD) 
Existing sites (ES) Spatial path dependence (SPD) 
New sites (NS) 
Intermediates (I) Dominant designs (DD) 
Feedstock (FF) 
Technology push (TP) Applications (A) 
Demand pull (DP) 
Table 15. First two levels of thematic coding hierarchy 
 
1522 unique statements were extracted into a spreadsheet and coded into 2432 records, each 
of which included a composite code of the three hierarchy levels30. Some statements 
contained information relating to more than one composite code. The codes were 
subsequently used in two ways to derive results. Firstly, statements relating to a particular 
                                                 
30 The option of using custom made qualitative research software was investigated and rejected because it was 
concluded that the necessary information could be similarly stored and coded using known spreadsheet tools. 
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theme could be searched and displayed by actor group or by organisation size, then examined 
in detail for common views. Secondly, the data could be manipulated to generate charts and 
quantitative indications of common themes and their correlation with the actor groups. 
 
3.5.7 Discussion 
The interview process described in the sections above was developed to generate qualitative 
insights relating to the perceptions and expectations of both ‘insider’ and ‘outsider’ actor 
groups. The questions and analysis were designed to approach an understanding of seven 
themes that were identified from the analytical framework and historical study. Semi-
structured interviews were chosen as they were: 
► More in-depth than surveys; 
► More structured towards known themes than unstructured interviews or observations; 
► More flexible than structured interviews – vital for addressing a range of actor groups. 
Following a qualitative case study method, even one that is well-known, carries some risks 
related to reliability and validity. These have been made clear and, where possible, risks have 
been minimised through the use of triangulation methods. Nevertheless, awareness of a 
number of hazards of interview techniques was required. These included: low response rates; 
lack of replicability and time-consuming coding; and difficulties excluding biases. 
 
It is important in a study of this kind to access the appropriate person within each 
organisation. Since it is a new technology area, the necessary knowledge of both strategy and 
technology is not common to all staff. Busy staff may not readily commit to studies, and are 
often wary of confidentiality issues. However, as noted by Saunders et al. (2007:316), higher 
profile respondents are more likely to agree to an interview than respond to a questionnaire as 
they need only devote an hour, and can reflect on decisions more personally without having 
to write anything down. In fact, where the potential pool of respondents is relatively small, 
interviews often achieve a higher response rate than questionnaires. Fortunately, this appears 
to have been the case for this thesis, in contrast with the significantly lower response rate to a 
questionnaire distributed to the UK ‘biorefinery policy sphere’ in February 2008 (Peck et al., 
2009). 
 
Strauss (1987:27) states that ‘the excellence of the research rests in large part on the 
excellence of the coding…the researcher needs to code the associated subcategories which 
are reflected in the same lines or…other lines within the same or different interview’. Coding 
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can be a long process, and, once completed, it is difficult to restart if the results are weak. 
Thematic coding provides more certainty of generating results pertinent to the research 
problem compared to purely open coding. Whilst Saunders et al. (2007:499) accept that ‘the 
scope for a theory to be developed is more restricted’ than with open coding, bounding the 
coding within specific themes is an advantage in terms of reliability. Strengths and limitations 
of the interview method concerning replicability and bias are discussed further in Chapter 7. 
 
3.6 Scenario Development 
Scenarios are ‘hypothetical sequences of events constructed for the purpose of focussing 
attention on causal process and decision points’ (Kahn and Wiener, 1967:66). As a 
management tool scenarios were developed to help structure uncertainty in thinking about the 
future by using a sound analysis of reality to construct alternative futures that challenge the 
assumptions which underpin much forecasting work (Wack, 1985). Therefore, rather than 
being predictive, scenario analysis is a facilitative means to explore how complex socio-
technical systems might respond to disturbances. As a result, scenario construction has been 
proposed as a favoured foresight method for use with the MLP framework (Hofman et al., 
2004) and RRM developments (Heppenstall, 2008). 
 
Various methods of technological forecasting have been reviewed by Levary and Han (1995) 
including: Delphi methods; growth curves; trend analysis; cross impact analysis; system 
dynamics simulation; case studies and scenario analysis. They conclude that the majority of 
these methods require a moderate or large availability of relevant data, and a medium or high 
degree of data certainty about the technologies. Of those that do not demand quantification of 
relationships, the Delphi method requires consensus among a pool of experts, case studies 
rely on past developments to make predictions, and scenarios require a good understanding 
about the nature of the technologies. 
 
With only a limited number of accessible experts and little knowledge of how the 
technologies will evolve, it seemed prudent to combine multiple case studies (involving 
expert input) with scenario development. This seemed particularly appropriate given the 
importance of past events in most scenario building methods (Burt et al., 2006). The 
suitability of extending this approach to integrate systems dynamics simulation is discussed 
in Chapter 7. 
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3.6.1 Generating Scenarios 
The scenario-building method proposed by Burt et al. (2006) for studying the uncertainties 
facing UK energy providers involves a stepwise process. This is outlined in Table 16. 
 
1 Identify areas of 
concern 
► These are ‘aspects of social interaction that are in tension’ (Hector et al., 2009). 
They can be interpreted as landscape and niche pressures in the MLP 
2 Locate, cluster, & 
prioritise key 
uncertainties 
► Brainstorm ideas with experts, as in a Delphi approach 
3 Developing scenarios ► The polar extremes of 2 uncertainties can be drawn perpendicularly as a 2x2 
matrix, as introduced by Wack (1985) for oil futures 
► Hector et al. (2009) prefer ‘trilemmas’ but where scenarios are discussed in 
interview situations, 2x2 ‘dilemmas’ are preferred for simplicity 
4 Articulate & flesh out 
scenarios 
► Hofman et al. (2004) propose a scenario table that gives clarity about the 
different levels of the MLP influencing in the scenarios 
► A horizon year should be set (Burt et al., 2006) 
► Identification of structural insights and potential discontinuities by engaging 
regime policy-makers and decision-takers in discussing the structural dynamics 
(causal loops) and how they might produce stated goals is advised 
Table 16. Stepwise scenario-building method proposed for studying uncertainty (Burt et al., 2006) 
 
Since it was intended to propose a crude scenario matrix to interviewees to see if they agreed 
with the suggestions of key uncertainties, it was necessary to identify areas of concern in 
advance. From discussion of RRM and biorefineries with academic experts, one particular 
aspect that stood out was whether firms’ decisions in chemicals were related to changes in the 
liquid fuels regime (e.g. biofuels) or whether they were explicitly independent. Another 
evident tension was identified between ‘direct’ and ‘functional’ substitution of chemicals, as 
highlighted in the BREW Report (Patel et al., 2006). 
 
One aim of scenario construction is to ‘make sense of yesterday’s events and how they are 
emerging today’ (Burt et al., 2006:61). In an effort to avoid a successful-innovation bias, 
counterfactuals that drew out the main decision points from the retrospective analysis were 
also discussed with experts. 
 
Figure 14 presents the 2x2 ‘counterfactual scenario’ matrix that was constructed to test the 
influence of the two tensions against the decisions recorded in the historical narrative. This 
reveals some historical precedence for the suggested areas of concern. The indication is that 
the socio-technical transition began with novelty in organic chemicals and liquid fuels arising 
in existing products from new feedstocks (direct substitution) and ended with the majority of 
innovations occurring in new products that could provide improved functionality (functional 
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substitution). There is some evidence that most innovations were driven by liquid fuels 
technologies that generated spin-offs or by-products. 
 
 
Figure 14. Counterfactual scenario matrix showing technology decisions in the 1st (red), 2nd (orange) and 
3rd (green) phases of the transition 
 
Without further developing future scenarios based on this matrix, it was presented to 
interviewees as a prompt for thinking about the drivers for change. The quadrants were 
populated with names of a selection of bio-based fuels and chemicals referred to in 
publications, or already commercially launched by summer 2008. This structure was found to 
elicit comments from interviewees on the search heuristics used by firms active in the area. It 
was not presented until the end of interviews, however, as it could otherwise have been 
construed as biasing subsequent questions. The comments of interviewers about the axes 
were used to revise this framework and flesh out the scenarios presented in Chapter 6. 
 
3.7 Summary and conclusions 
This chapter has described and defended the application of two distinct methodologies for 
tackling the research problem, and two tools for assisting analysis. One methodology is 
process analysis of events, a process borrowed from the innovations literature for 
systematically past socio-technical developments. The tool of causal loop diagrams is used to 
complement this narrative approach by articulating the identified dynamics in a way that they 
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might be translated to a contemporary state of the regimes studied. The other methodology is 
case study analysis using semi-structured interviews, which is considered to be appropriate 
for precipitating knowledge of actors’ perspectives and expectations about technological 
uncertainties. Scenario construction is a tool that suits the type of qualitative data generated 
by these methodologies for suggesting how the observed socio-technical dynamics might lead 
to alternative futures. As has been introduced above, scenario construction benefits from both 
historical information on system structure and understanding of the contemporary forces at 
play, which in turn can assist understanding of a historical transition. Likewise, causal loop 
diagrams enable the historical results to guide the interview process and thus the scenario 
construction. The process described is thus strengthened by iteration. 
 
Negro (2007:38) lists the steps involved in a process analysis. These are adapted in Table 17 
with additions from the two tools that are used to bridge the two periods in this research. 
 
These methodologies were developed by paring down an initially broad approach into a focus 
that fitted the analytical framework. Although the methods have drawn from other similar 
applications elsewhere, they have not previously been assembled in this way. Thus, 
comparison with other studies is not directly possible. However, where possible, steps have 
been taken to improve validity and reliability, and the methodologies and tools have been 
applied according to practices that have elicited valuable results in other technology areas. 
Consequently, the potential of the methodologies is not considered to solely rest on the final 
results; rather, the results of the separate steps can be isolated and validated independently or 
as a coherent process of qualitative foresight generation. 
 
The next chapters present the results of these techniques as three research phases: 
► Retrospective process analysis of the historical transition to petrochemicals; 
► Prospective analysis of RRM and biorefineries using case studies; 
► Scenario construction for foresight generation and policy appraisal. 
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 Step Description/Comment 
1 Literature search A thorough search of available datasets, periodicals, websites, books and other 
publications on the organic chemicals and liquid fuels regimes in the UK from 
approx. 1914 to 1980 was carried out. Each event related to the development, 
diffusion, or implementation of the specific technology studied was recorded in a 
database with associated information about the background. 
2 Database 
classification 
Structuring of the database according to year of the event and creating groups based 
on technology sets. 
3 Trend identification Construction of profiles representing the transition based on datasets that reveal the 
phases of change according to the phases suggested by the MLP. 
4 Historical narrative In addition to the graphical representations, a story of how events unfolded can 
inform ‘how’ as well as ‘if’ a transition occurred (Poole et al., 2000). The narrative 
necessitates that the researcher interprets the data and makes some omissions in 
order to concentrate on perceptibly important events. To increase the validity of 
this step, early results were peer-reviewed, published and presented to peers. 
5 Identification of 
patterns, virtuous 
and vicious cycles 
This step has significance in Negro’s approach and in this thesis it is further 
systematised by the causal loop diagram building technique. 
6 Consideration of 
counterfactual 
scenarios 
Examination of events relating to key decision points and bifurcations and 
consideration of what uncertainties and tension motivated them. 
7 Translation to 
contemporary case 
studies 
Critical review of the technologies and developments in the regimes currently 
experiencing disruption: identification of relevant actor groups and potential 
interviewees; application of historical causal structure to the research problem; 
initial identification of opposing tensions in the system. 
8 Semi-structured 
interviews 
Interviews with the largest possible group of actors in the identified actor groups, 
employing causal loops and scenario matrices to prompt comparable responses. 
9 Data Analysis Thematic coding of interview data and analysis of the statements of actor groups 
and firm/institutional scales. 
10 Scenario 
construction 
Socio-technical scenarios are just one output of this process alongside the insights 
about system structure and actor agency. Articulation of four competing scenarios 
to help understand how the present technological trajectory might evolve, and 
facilitate incorporation of qualitative information into other foresight methods, such 
as modelling. This process involves identification of the main social and technical 
tensions from the process analysis and interview data that could lead to differing 
outcomes for renewable raw materials in the UK. 
Table 17. Methodological steps in this thesis, with inspiration from Negro (2007:38) 
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4 Insights from the transition to petrochemical feedstocks in the UK 
1921-6731 
 
One research objective is to apply the analytical framework outlined in Chapter 2 to a 
historical transition between organic chemical feedstocks, to obtain empirically-derived 
insights into the socio-technical dynamics of technological change in this regime. Chapter 3 
developed an approach following a retrospective process analysis methodology. This chapter 
presents the results of a process analysis of events occurring between 1921 and 1967 that led 
to a transition from coal-based to petrochemical feedstocks in the UK. The results are 
described as a historical narrative accompanied by causal loop diagrams to facilitate a multi-
level analysis of the dynamics of technological change in two interacting regimes. 
 
The chapter has the following structure. Section 4.1 introduces the study and the structure of 
the empirical approach according to the analytical framework. Section 4.2 gives an overview 
from a macro perspective of the changes in the two regimes during the transition, and 
provides supporting information on the technology area, including basic nomenclature. 
Section 4.3 presents key results in narrative format across three distinct phases of the 
transition. Section 4.4 then uses the insights from this qualitative study to inform a discussion 
of the implications for understanding chemical feedstock transitions and co-evolutionary 
dynamics. Section 4.5 concludes the chapter. 
 
4.1 Introduction 
The literature reviewed in Chapter 2 characterised transitions between technological systems 
as evolutionary processes, in which change emerges from the selection of new technologies 
that fit with socio-economic criteria relating to performance, cost, familiarity and changing 
user preferences. As noted, one prominent approach to the analysis of transitions considers 
three ‘levels’ of the socio-economic system and has been labelled the Multi-Level 
Perspective (MLP) (Geels, 2002) (Section 2.2.3). 
 
                                                 
31 The study reported in this chapter has been published in Bennett and Pearson (2009). This chapter presents 
some complementary aspects of the transition that were omitted from the journal paper but support the overall 
conclusions. For example, the importance of polymer science developments is given due attention, and the 
dynamics of aircraft fuel production are not accorded the detail presented in the paper. 
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4.1.1 A multi-level study in the history of technology 
The levels of the MLP were introduced in Chapter 2. At the micro level niches are seen as 
providing the initial applications for a given technology where familiarity can be acquired by 
users. At the macro level a slowly-changing landscape is conceived that represents the 
broader political, social and cultural values and institutions that form the deep structural 
relationships of a society. At the meso level a socio-technical regime includes the producers, 
the users and the material elements of the technologies themselves. In this framework, the 
success of a new technology is not seen as guaranteed and depends to a large extent on 
whether and how it diffuses and becomes stabilised by new infrastructure, social networks 
and synergistic technologies; but an opening or ‘window’ in an existing regime can create 
breathing space in an otherwise initially hostile commercial environment. 
 
The research presented in this chapter analyses the forces that shaped the transition from 
coal-based to petrochemicals in the UK in terms of these three levels. 
 
4.1.2 Two regimes 
Application of the MLP demands definition of the socio-technical regimes – the macro-
variables – undergoing change. In accordance with the discussion in Chapter 2, two regimes, 
each providing distinct services, are considered: the Organic Chemical Production Regime 
and the Liquid Fuels Production Regime. 
 
As discussed in Section 3.1.5, the study is limited to the UK in order to achieve a sufficiently 
high resolution and observe technological and spatial developments within a defined policy 
environment. In the context of the chemical industry, Haber (1989:5) has noted the 
importance of studying history at the national, regional and firm level, due to the peculiarities 
of the two regimes involved. 
‘At the national level, the industry’s development does not usually accord with that of 
the country or one of its regions…the growth of chemical manufacture is not directly 
related to the general environment (economic, social or political), but follows a 
course dictated by research and development and by the vagaries of a particular 
market sector. [The history of chemical manufacture] is not a straightforward kind of 
history that fits snugly into an uncomplicated chronology. [It is] a topsy-turvy sort of 
growth.’ 
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4.1.3 Process Analysis of Events 
Chapter 3 introduced the process analysis method, which involves the compilation of records 
in a database relating to events in the historical transition under consideration. The start and 
end dates that serve as the boundaries for such a study were identified after data collection 
and before further analysis. Genus and Coles (2008) have raised the problem of establishing 
the start and end points of transitions. They note that previous applications of the MLP have 
variously delineated start dates on the basis of: 
► Problems emerging in the dominant regime, e.g. in the regulatory complications of 
managing the horse drawn public transport that preceded automobiles (Geels, 2002); 
► First use of a working technology, e.g. the Wright Brothers first flight (Geels, 2006a). 
 
With regard to end dates they note the following options: 
► The point at which the related businesses and infrastructure are firmly developed, e.g. 
for jet aircrafts (Geels, 2006a); 
► Implementation of legislation and rules that stabilise the changed regime, e.g. the 
ultimate establishment of steam ships (Geels, 2005); 
► The stage where diffusion of the dominant design is accelerating rapidly, e.g. growing 
car ownership (Geels, 2002). 
 
For the transition to petrochemical feedstocks in the UK, the first use of the technology is 
shown to be inadequate as a starting point. The displacement of the incumbent did not occur 
solely as a result of a new challenger. Rather, the incumbent coal technologies in the UK had 
suffered from problems that were partially solved by other alternatives before the imports of 
petroleum technologies from overseas. Thus, the disruption of the dominant regime was 
chosen as a starting point. Stating an exact date in this regard would probably not be credible 
or helpful to such an evolutionary analysis. The year 1921 has been chosen for its apparent 
significance in catalysing other events in the events database. Although the coal-based regime 
in both fuels and chemicals was in decline by this time, it was the implementation of the 1921 
Dyestuffs Act that opened up the regime to the entry of alternative technologies. 
 
The MLP approach considers transitions to be realignments of the trajectory of a regime 
between two relatively stable configurations. For this reason the end point of a historical 
study should be the point at which the related businesses and infrastructure are firmly 
developed. Stabilisation logically occurs after any period of rapid diffusion and after the 
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facilitating rules are fixed. Figure 15 (p82) provides an indication that dominance of 
petrochemicals occurred by 1975. However, by this time the regime was undergoing further 
disruption from the 1973 oil supply shock. Since a consideration of the oil shocks and the 
subsequent consolidation and slowing of growth in the chemicals sector is not in the scope of 
this thesis, a slightly earlier end point has been chosen. In 1967 the two regimes that had 
interacted in the development of petrochemicals in the UK merged, as the main independent 
chemical producer in the UK decisively moved into refining for liquids fuels production, thus 
stabilising the technological trajectories of both regimes. 
 
This section illustrates that while start and end points of transitions should not be selected 
arbitrarily, they are not precise and inherent features. In historical studies it is a matter of 
discretion and judgement to set the boundaries broadly enough to capture the relevant 
dynamics. In the case of foresight studies, however, predicting the timeline of a prospective 
transition is more problematic. This is discussed further in Chapter 7. 
 
In addition to the start and end dates, the junctures at which successive phases of the 
transition began were identified in the manner set out by Geels (2005). These are: pre-
development; specialisation and expansion from niches; wide diffusion; and slow-down. As 
highlighted, in this case study the slow-down phase is complicated by the events surrounding 
the 1973 oil shock and, since the dynamics that drove the transition are all present in the 
previous phases, it was decided to end the narrative at the start of this final phase. 
 
4.1.4 System dynamics 
For each of the phases of the transition described in the sections below, causal loop diagrams 
have been constructed to portray the dynamic linkages between the recorded events, 
operating at the three levels of the MLP and in social, corporate and political spheres. This 
process is as described in Section 3.4. The study assembled a large amount of data, some of 
which reinforced or duplicated other data points, but most of which contained additional 
information. It was not possible to incorporate all of this information into causal loop 
diagrams, and indeed it would have limited the effectiveness of this technique to do so. 
Instead, key episodes have been identified as those that influenced a large number of 
associated events and therefore played a central role in propelling change. In this manner the 
main dynamics are presented, without the ‘noise’ that would have been generated by an 
attempt to be exhaustive. 
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4.2 Overview 
As Section 3.3.1 described, the first step is to map out the macro-level trends during the 
selected period. This section provides an overview of this process. 
 
The transition from coal-based to petroleum-based synthetic chemical products has been 
noted as a rapid technological change that was initiated by the first mass-production of 
automobiles in the US at the beginning of the 20th century (Perez, 2002:28). Thus, Ruttan 
(1997:1523) writes that, 
“beginning in the 1920s with the rapid growth in the demand for gasoline for 
automobiles and trucks in the United States, a large and inexpensive supply of olefins 
become available as a by-product of petroleum refining. By the end of World War II, 
the US chemical industry had largely shifted to petroleum-based feedstocks.” 
He notes, however, that, 
“In Germany this transition - locked in by skills, education and attitudes that had 
been developed under a coal-based industrial regime - was delayed by more than a 
decade.” 
In Germany, according to Stokes (1994:2), 
“neither the changeover to petroleum-based feedstocks nor the pace of the transition 
was inevitable; rather, both depended on choices made by politicians and 
industrialists within the context of the political economy of the 1950s, as well as the 
context of prior German experience.” 
 
The introduction of petrochemicals in the UK, however, began after the developments in the 
US in the 1920s/30s, and before the developments in 1950s/60s Germany (Ruttan, 1997; 
Stokes, 1994). Given that gasoline markets were developed in all three countries in the 1910s, 
and that the UK’s chemical demand for coal gases did not reach the total available supply 
from coke ovens (Hudson, 1983), the reasons for the rapid take-off of petrochemicals in the 
UK at this particular time can reasonably be surmised to arise from industrial dynamics that 
were particular to the UK chemical industry and its interaction with the oil refining business. 
 
In 1920 the UK organic chemical industry had two parts, a dyestuffs and pigments industry, 
and an infant industry for pharmaceuticals, detergents and biocides (Hardie and Davidson 
Pratt, 1966). Coal tar aromatic hydrocarbons were the dominant raw material. These 
‘aromatics’ were plentifully available as by-products from the coke ovens of iron and steel 
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works (see Section 4.2.1 for information on chemical nomenclature). There were no 
significant chemical products based on petroleum oil or gas in the UK. 
 
By 1967 the entire organic industry had been totally transformed. Vast integrated sites had 
been erected in Stirlingshire, South Wales, Merseyside and Teesside for the conversion of 
imported petroleum into liquid fuels and organic chemical products (Chapman, 1992). Older 
products such as fertilisers and dyes were produced from the new raw material, and a vast 
range of new synthetic products became available from the oil-based feedstock, many of 
which were substitutes for natural products used in 1920, including rubber, wood and starch. 
Development of techniques for the commercial extraction of a BTX fraction from petroleum 
refining completed the transition from coal-based to petrochemicals. As Belt (1987:136) has 
remarked, the synthetic dye industry had become the ‘synthetic-everything-else-industry’. 
 
Figure 15 shows this transition from coal- to oil-based chemicals. It mirrors the substitution 
of coal by oil and gas in primary energy use, but, although starting later, it shows a much 
more rapid overturn of the raw material base, reaching 50% penetration 20 years earlier. 
 
 
Figure 15. Transitions from coal to oil & gas in UK primary energy (red) and chemical feedstocks (black) 
1924 to 2005 (5-year rolling averages)32,33,34 
                                                 
32 Refs: Department of Energy (1975-1992), DTI (1972-1974; DTI, 1993-2006), Ministry of Fuel and Power 
(1944-1961), Ministry of Power (1962-1968) 
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4.2.1 Nomenclature 
Many of the chemical entities described below have had several names due to changes in 
naming conventions. The globally recognised International Union of Pure and Applied 
Chemistry (IUPAC) nomenclature has standardised the names of organic chemical molecules 
since 1958, but in industrial applications many of the old names persist. Ethylene is a relevant 
example here. Ethylene was named in the Netherlands in 1795 as olefiant (oil-making) gas 
after it was first isolated from other hydrocarbons. This was replaced by ethylene (daughter 
of ‘ethyl’) in 1852. In 1856 the name ethene was proposed, to align it with its homologues 
propene and butene, and its redox derivatives ethyne and ethane. Despite ethene becoming 
the accepted International Congress of Chemists’ name in 1892, the name ethylene has 
remained in more common usage. In 1958 it was exempted from standardisation due to the 
prevalence of the older name. Despite this being overturned in 1993, ethylene is still the 
name given to the molecule in all industrial applications, with ethene confined to academic 
usage. The name ethylene is used in this text, in line both with conventions during the 
selected period and with modern industrial usage. 
 
The primary molecules referred to below are presented in Table 18, along with their common 
names, IUPAC names, main derivatives and a graphical representation of structure (skeletal 
structural formula). The table also highlights the important differences between aromatic and 
aliphatic chemicals. 
 
The coal-based chemicals are predominantly aromatic. They are based on the benzene ring 
and have alternating double bonds that absorb visible light and give rise to their colours. They 
are relatively large molecules with a deficiency of hydrogen and oxygen for most 
applications, so must be reacted with sources of these atoms to obtain additional 
functionalities. The alcohol-based and petroleum olefinic chemicals are mainly aliphatics, 
based on straight chains of carbon, unlike the cyclic aromatics that contain carbon rings. The 
alcohols are oxygenated and this introduces polarity to the molecules to provide solvation 
properties. Oxygenation is not always an advantage, especially in synthesis where the 
absence of so-called functional groups in the olefins (ethylene, propylene, butane), and the 
                                                 
33 Non-fossil feedstocks are excluded from this diagram due to a lack of reliable data. They are thought to 
account for a shrinking proportion from a high of up to 15% in the 1930s to less than 3% today. 
34 GWh equivalence is used in place of other measures such as mass and carbon content since these are poorer 
indicators of energy density and functionality. 
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presence of reactive double bonds, leads to simple and flexible ‘building blocks’. 
 
Raw 
Material 
Platform 
Chemical 
Formula Historical/ 
industry name 
IUPAC name Exemplar bulk products 
 C6H6 Benzene Benzene  Phenol 
 C10H8 Naphthalene Naphthalene 
Indigo 
Coal 
(pre-
1950) 
 C14H10 Anthracene Anthracene 
Alizarin 
 C2H5OH Alcohol Ethanol  Ethylene; Solvents 
 C3H6O Acetone Propan-2-one Nitrocellulose explosives 
Sugar 
(1921-
1950) 
 C4H8OH n-Butanol Butan-1-ol Alcohol solvent 
 C2H4 Ethylene Ethene 
Ethanol; 
 Ethylene Glycol; 
 Polyethylene 
 C3H6 Propylene Propene 
 Isopropanol; 
 Polypropylene 
 C4H6 Butadiene 1,3-Butadiene  Rubber 
Oil and 
gas 
(1950 
onwards) 
 
 
C6H6, 
C7H8, 
C8H10 
BTX (Benzene, 
Toluene, 
Ortho/Meta/ 
Para Xylene) 
Benzene, Methyl-
benzene, 1,2-/1,3-
/1,4-Dimethyl-
benzene 
 Styrene 
 PET 
Table 18. Groups of platform chemicals and their products in the periods of the transition 
 
4.2.2 Pre-1921: Initial conditions 
The Organic Chemicals Production Regime 
The modern chemical industry began with the application of scientific understanding of 
molecular reactions to the production of new, synthetic products in the early 19th century. 
Dyestuffs were dominant products in the early centres of production in the UK, France and 
Germany35. Up to 1920, coal tar was the primary raw material basis for these products, plus 
pharmaceuticals, detergents and biocides. These ‘aromatics’ were available in plentiful 
quantity from the coke ovens of iron and steel works, and also from gasworks. The specialist 
nature of organic chemical manufacture meant that it was situated within a constellation of 
small producers, each buying the raw naphthalene or anthracene input for manipulation into 
chromophores. The UK industry was geographically dispersed but with centres near the 
                                                 
35 There are several fine histories of the chemical industry that cover more than can be recounted here. These 
include, but are not limited to: Beer (1959), Gardner (1915), Haber (1958), Knight (1998) and Murmann (2003). 
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textile industry in Merseyside and Lancashire (Pope, 1989). Aliphatic hydrocarbons were 
present in small quantities in coke oven gases and were well-understood by academic 
chemists, but had not been used in the production of commercial products. 
 
Inorganic chemical manufacture, on the other hand, was a large scale operation dedicated to 
the production of chlorine, soda ash, lime and nitro-compounds – for bleach, glass, cement, 
fertilisers and others. The plants were mainly located near supplies of limestone and coal, in 
the Midlands, North West and North East. 
 
WWI threw the UK’s poor performance in organic chemical research into sharp relief. The 
nation’s producers were placed under great strain to fill the gap left by departed German 
imports (Perkin Jnr., 1915). Reader (1977:228) describes the British dyestuffs industry in 
1915 as ‘totally inadequate’ to supply vital wartime chemicals, partly due to political 
interventions that favoured explosives production above that of drugs, photographic 
materials, dyestuffs and rubber36. Exchanges of important dyes between Germany, the UK 
and the US – which imported 90% of their dye requirements – continued to some extent 
during the war, in return for needed goods such as rubber and cotton, but new capabilities had 
to be built amongst UK industrial chemists (Taylor and Sednik, 1984). After 1918, chemical 
firms were emboldened by their contribution to the war effort as they had made significant 
advances in applying their strengths in fundamental science to strategic problems of 
munitions and artificial silk production. The reinvigoration, however, was short-lived as 
investment in research by the firms was curtailed after the war; overcapacity meant that the 
industry did not escape the economic depression, which was particularly severe in 1920-21 
(see Figure 16 for the impacts on UK and international per capita GDP). 
 
The war had introduced a new method of producing acetone, a valuable organic chemical for 
munitions. Since calcium acetate raw material could not be imported from Germany or the 
US, the UK government erected plants to deploy the new Weizmann Process for enzymatic 
conversion of maize sugars to acetone and butanol (Jones and Woods, 1986). This move 
away from coal-based organic feedstocks was short-lived, however, as the depression led to 
closure of the plants. The experience in Germany and the US was not the same. 
 
                                                 
36 An example is the Government’s creation in 1915 of the commercially unsuccessful British Dyes Ltd. 
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Figure 16. UK, US and Western European GDP per capita 1910 to 1970 (Maddison, 2003) 
 
The German route to acetone was via acetylene, an aliphatic platform chemical that could be 
produced from coal using energy-intense electrolysis. After the war, research on uses for 
acetylene continued and several new products were formulated, including early synthetic 
rubbers. In the US, both routes were adopted to some extent after WWI: acetylene was 
produced using cheap hydro electricity primarily for use in automobile lamps, and attempts to 
isolate it from natural gas led to Union Carbide’s pioneering research into ethylene from 
petroleum by 1921; the Weizmann Process plants were also maintained since the 2:1 ‘by-
product’ butanol was found to be an effective commercial solvent; and in addition a route to 
acetone from petroleum-based isopropanol was developed, signalling the start of the 
transition to petrochemicals in the US (Gabriel, 1928; Stobaugh, 1988; Turov and Parshina, 
1967). Unlike the other two countries, the UK did not have abundant electricity and by 1921 
had not progressed experience with aliphatics, an indication of the national differences 
inherent in chemical production systems. 
 
Although organic and inorganic chemical production was largely separate, the producers 
came together in 1917 in the Association of British Chemical Manufacturers (ABCM), to 
address the downturn in the sectors. This was the first association at industry level concerned 
with government relations, post-war planning, and self-sufficiency in raw materials. Global 
manufacturers of heavy inorganics were dominant, including Brunner, Mond & Co. Ltd. and 
Nobel Industries. These firms relied on manufacture of commodity products using large-scale 
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technologies such as high-pressure reactors. Brunner, Mond, for example, sought to supply 
the British Empire from their synthetic fertiliser plant. 
 
The liquid fuels regime 
In the first two decades of the 20th century Britain’s involvement in the oil industry had three 
strands: importation from international producers, public distribution of refined products, and 
securing military supplies. In the US and Russia crude oil refining had developed to yield 
three main products: kerosene for heating and lighting, gasoline for vehicular transport, and 
fuel oil for industrial power. These were the first major liquid fuel products and were easily 
produced by distillation. They had found ready niches in luxury markets for transport and 
lighting due to their energy density and relative ease of distribution in comparison to coal. In 
the UK importation made liquid fuels a more expensive alternative to coal. 
 
The inflexibility of distillation processes meant that, depending on the nature of the crude, the 
proportions of these products were fixed. Oil firms with outlets for one product therefore had 
an interest in finding markets for the by-products. At the turn of the 20th century, when 
kerosene demand outstripped gasoline demand by 10:1, gasoline was discharged into rivers in 
the absence of a market (Ogston, 1997). In the US after 1910 the first mass-produced 
automobiles, such as the Model T Ford, had begun to shift the relative demands from 
kerosene- to gasoline-dominated. In the UK the automobile market was less-developed and 
the decision of the Admiralty to switch the navy from coal to fuel oil in 1912 shaped the 
British market. The navy had experimented with fuel oil from 1903, and the scale of this 
potential outlet for a refinery by-product generated a great deal of hype. In 1910, when the 
Admiralty announced that its second round of fuel contracts would be much expanded, the 
Petroleum Review reported: ‘Today oil shares upon the London stock exchange are the most 
sought after of any industrial securities on the market. We are, without doubt, in the midst of 
the greatest oil boom which this country has ever known’ (Jones, 1981:59). 
 
The government’s decision to pursue fuel oil for the navy arose partly because a secure 
supply of oil was thought to have been found in Iran. The fledgling oil company AIOC37 was 
not in a position to compete with the major companies that were already importing products 
                                                 
37 Anglo-Iranian Oil Company. The firm was incorporated in 1909 as the Anglo-Persian Oil Company and the 
name changed to AIOC in 1935 and then to BP in 1954. In this thesis it is referred to simply as AIOC during the 
entire pre-BP period to limit confusion between acronyms. 
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to the UK, but its Iranian oil reserves between the British and Russian areas of influence had 
a particular strategic attraction to the state. In 1914 the government’s Anglo-Persian Bill 
furnished AIOC with a very generous fuel oil contract and capital support, in return for a 
50% shareholding and two directors with veto, although the company loudly protested its 
independence from state control (Clark, 1963:103; Jones, 1981:171). 
 
Before the establishment of an integrated petroleum industry in the UK, the liquid fuel 
regime therefore consisted of distribution companies supplying products to consumers, a 
production firm with a major Middle Eastern concession, private consumers, and the state – 
both the biggest customer and manager of a nationalist post-war strategy. The distribution 
companies were mainly subsidiaries of Dutch (e.g. Shell), US (e.g. Standard Oil), or German 
firms (e.g. British Petroleum Company38). Thus, they responded to global changes in product 
mixes and standards. Whilst UK per capita gasoline consumption lagged well behind that in 
the US (Figure 17), concerns over import-dependence ran higher due to the perceived lack of 
home control over supply. 
 
 
Figure 17. Trends of UK & US motor vehicle registrations per 1000 people and motor spirit consumption 
per capita 1905 to 1940 (DfT, 2007; Mackenzie, 1925; Maddison, 2003; US Census Bureau, 1975) 
 
There was a deep suspicion of the foreign oil majors, after Standard Oil was accused of 
market manipulation in the US, and British interests in Royal Dutch Shell had failed to 
                                                 
38 The name was first used by the Deutsche Bank-controlled European Petroleum Union’s British subsidiary, 
which marketed Shell oil products in the UK from 1906 until its 1917 acquisition by AIOC (Ferrier, 1982). 
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persuade the government that the firm’s aggressive approach did not constitute a ‘Shell 
Menace’ (Jones, 1981:150). Despite attempts by AIOC to persuade the Indian railroads to 
convert from coal to fuel oil, the UK Secretary of State for India described conversion from 
coal for sea and rail ‘as though the owners of the premier cru vineyards in the Gironde went 
about preaching the virtues of Scotch Whisky as a beverage’ (Jones, 1981:12). 
 
Private consumers and societal actors in the UK were uncertain about the displacement of 
coal and the potential of new oil-consuming technologies. In 1912 the UK magazine 
Engineering argued that the prospects for oil engines were inhibited by fears of price rises: 
‘This fear is based not so much upon any likelihood of demand overtaking supply as upon the 
supply being in the hands of a comparatively few large companies who may manipulate the 
markets’ (Jones, 1981:43). Both the Daily Mail and the Times discussed the ‘petroleum 
problem’ in 1913 and cartoons showed motor vehicles exhausted and then revived by whisky 
(Weir, 1995:291). This reflected the popular view that domestic alcohol could be used instead 
of oil in cars, evidenced in a 1915 New York Times report of ‘agitation’ for alcohol fuels by 
English farmers (Bernton et al., 1982:9). Thus, as long as a century ago, there were concerns 
about energy security and proposals for the substitution of petroleum by alcohol-based fuels. 
 
The nature of the concession that AIOC held in Iran was such that royalties were paid to the 
concessionary government as a percentage of sales profits. The contract insisted that refining 
should be undertaken in Iran. This situation, combined with the low demand for gasoline in 
Europe, steered AIOC towards baseload refining in-situ and maximising the output of low-
value distillation products for downstream distributors. For example, kerosene, benzene and 
paraffin were marketed in the UK by the Asiatic Petroleum Company, a subsidiary of Shell 
(Jones, 1977). AIOC were led towards bulk provision of raw materials rather than vertical 
integration into refined products for consumers or operations in the UK. In spite of technical 
successes with distilling Iranian crude, this strategy arguably placed them behind the other oil 
majors in terms of innovation. 
 
4.3 Transition Narrative: Three phases of the transition 
In the following three sections, three phases of the transition that have been delineated are 
described, including the main events involving actors and institutions at each level of the 
regime, and also the impact of actions by ‘outsiders’. The causal loop diagrams developed to 
accompany the emergent dynamics are presented alongside the unfolding narrative. 
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Inevitably a constraint has been imposed on the presentation of details arising from such a 
wealth of historical material. There is thus a focus on episodes that have been judged as 
critical junctures in the transition. Nevertheless, every effort has been made to retain a 
sufficient level of detail to support this interpretation of events. 
 
4.3.1 1921 – 1934: Pre-development of aliphatic chemicals 
Following WWI it was apparent that the British organic chemical industry was in trouble. 
Competition from overseas, especially from Germany, had far surpassed the UK’s early lead 
in dyestuffs. There had been a tendency towards cartelisation in mature industries prior to 
WWI and the supply and price of many products was regulated by agreements that carved up 
territory between companies. However, after the war had placed Britain in a vulnerable 
economic situation in comparison to other major economies, the previously laissez-faire 
approach of the Government to trade was questioned and the style of business that was 
considered appropriate began to shift to become more UK-centric and protectionist. This was 
a major landscape change. 
 
British reliance on the Empire as a loyal customer had partly insulated UK industry from an 
otherwise uncompetitive position internationally. From 1921 the government addressed this 
with import tariffs on dyestuffs (Table 19), a measure instigated ‘in order that an effective 
dye industry might be established’ (HC Deb, 1925). At the same time, whisky distillers were 
subsidised to make industrial alcohol for chemical uses. Distillers faced a growing 
temperance movement that threatened their sales and had resulted in the Temperance 
(Scotland) Act 1913. Demand dropped by 69% from 1914 to 1932 (Weir, 1989). 
 
Year Policy Summary 
1920-
1931 
Import Duty on Industrial 
Alcohol 
British alcohol exempted from duty. 5 pence per gallon for Empire alcohol 
(40% of prevailing price)39, 35 pence (290%) for foreign alcohol. 
1921-
1939 
Dyestuffs (Import 
Regulation) Act 
Only if UK supply was not equivalent to foreign alternatives could imports 
be authorised by Board of Trade. 
1921-
1945 
Inconvenience Allowance 3 pence (25%) subsidy per proof gallon of alcohol. Compensation for 
disruptive supervision by excise authorities, and to restrict costs of 
chemical products. Increased to 5 pence (40%) by end of year. 
1926 Beet Sugar Subsidy Act  Provides a modest supply of subsidised British sugar for power alcohol. 
1926 ICI established State sanctioned merger of Brunner, Mond, Nobel, United Alkali, & BDC. 
1928 Acetone Excise Duty Government assures DCL it will put import duty on acetone, but only if 
they build a plant big enough for future war needs. 
Table 19. Key UK Policy interventions in organic chemicals and liquid fuels 1921-1934 
                                                 
39 Values in parentheses are determined from a prevailing industrial alcohol price of 12 pence per proof gallon 
reported by Weir (Weir, 1989), equivalent to £1.79 in 2006 prices – using GDP deflator (Officer, 2008). 
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Figure 18 uses causal loops to show the intentions behind the 1921 Dyestuffs Act. The 
outcomes appear not to have been as anticipated and some were counter-productive. The 
Dyestuffs Act targeted volume and acted primarily upon the bulk products in which margins 
were tight. By shielding the partially nationalised British Dyestuffs Corporation (BDC), set 
up by government action in 1918-19, from overseas competition in staple dyes, however, it 
did not encourage innovation in the new products that were driving profitable new business 
overseas. Cheaper industrial alcohol solvents also reduced the pressure of price rises caused 
by prohibition of imports of cheaper staple dyes, again reducing the need for new, more 
modern processes. 
 
 
Figure 18. Feedback system representing the intention of the 1921 Dyestuffs Act 
 
William Pope in his 1918 Presidential Address to the Chemical Society, said of the policy to 
help capitalise BDC in 1915 and have it managed by businessmen that ‘the scheme adopted 
by the Government for resuscitating [the coal-tar chemical industry], after its past thirty years 
of profligate productivity on the Continent, was launched without scientific advice’ (Pope, 
1918). Innovation, he asserted, had been neglected in pursuit of a quick fix. Figure 19 
presents a representation of the difficulties of retaining market share by value. 
 
Figure 19 shows how the incentives to concentrate on bulk dyestuffs could have retarded the 
search for new organic chemicals. BDC largely employed a strategy of defence through legal 
barriers, buying their way out of trouble by purchasing British patents for new dyes and 
engaging in market-sharing. But they lacked the capital resources to challenge continental 
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firms in markets for the new, higher-value products that continued to be imported in the 
absence of British suppliers (Grant et al., 1988:24). The impotence of the Act to address this 
subtlety was subsequently recognised by Parliament (HC Deb, 1925) and the situation 
changed when BDC took part in the merger that led to Imperial Chemical Industries (ICI). 
 
 
Figure 19. Feedback structure of the British dyestuffs market in the 1920s 
 
ICI was formed in 1926 with BDC as a far weaker partner to the large inorganic-based firms 
Brunner, Mond and Nobel Industries. Government consent for the merger was easily won, as 
by now effective competition with nationalised German combine IG Farben was seen as vital 
to the future of chemical manufacture in Britain40. Only with ICI’s substantial capital 
resources were sufficient funds available for the more far-sighted defence through research 
strategy for organic chemistry in the 1930s. Chandler (1990:364) quotes a senior ICI manager 
who later said ‘the IG never took much notice of BDC until they found out that BDC could 
invent.’ 
 
Protectionist policies such as the 1921 ‘Inconvenience Allowance’ (Table 19), also created 
new unexpected directions for distillers, notably when coupled with the Import Duty on 
Industrial Alcohol (Reader, 1975:322). Domestically-produced alcohol was recognised as 
                                                 
40 Indeed, Reader (1977:229) suggests that ‘the Government was in it from the start. It’s concern was chiefly 
with warlike supply.’ 
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potentially cheaper even than coal or oil for some industrial applications by the mid-1920s. 
DCL, the largest consolidated producer, was able to challenge gasoline and then organic 
chemicals. 
 
Although UK per capita gasoline consumption lagged far behind that in the US, concerns 
over import-dependence ran higher due to the perceived lack of home control over supply 
(see Section 4.2.2). When the Inconvenience Allowance was introduced in 1921, DCL were 
in a position to exploit the demand for home-produced motor fuels. No other country 
provided a subsidy similar in size or scale. The subsidy was not just available to the 
struggling cereal-using whisky producers but also for raw materials imported from the 
Empire and refined in the UK. This gave the import of molasses, a by-product of Caribbean 
sugar production, a distinct advantage through economies of scale and ease of fermentation 
(Weir, 1995:296). 
 
In 1921 DCL began marketing Discol, a gasoline-ethanol blend. Shortly afterwards the 
supply was based on a new molasses facility rather than using the existing potable alcohol 
capacity that the Inconvenience Allowance had been designed to assist. Discol’s market 
penetration suffered technically from difficulties with the separation of the fermentation 
water from the fuel blend, although the blending of pure ethanol yielded a cheaper and better 
fuel than straight-run gasoline. Although DCL successfully supplied fuel to race-cars to 
demonstrate the superiority of Discol in high performance engines (Weir, 1995:299)41, phase 
separation problems experienced by private motorists outweighed this positive publicity. Its 
market was also damaged by a sharp drop in the oil price, which Weir (1995:295) has 
ascribed to collusive oil company strategy in response to the competition from Discol. 
 
Ultimately, the failure of alcohol seriously to challenge gasoline led DCL to develop 
derivatives of ethanol. This began a process of progressive diversification from the solvents 
they were selling cheaply to chemical manufacturers. These derivatives included higher value 
chemicals such as ethylene glycol antifreeze. Ethylene glycol was at that time imported from 
Union Carbide, who used the by-product gases of US oil refineries. This oil route was not a 
serious UK option, as Iranian policy demanded that AIOC undertake baseload refining of the 
principal British oil reserves in situ. This left alcohol as a cheap and reliable feedstock for the 
                                                 
41 10 years later AIOC used the same publicity strategy when introducing tetraethyl lead (Bamberg, 1994:196). 
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new aliphatic chemical products in Britain; production for non-potable uses increased sharply 
(Figure 20). DCL Chairman Ross wrote in the DCL Gazette in 1929 that the distilling 
industry would leave the ‘whisky age’ and enter the ‘alcohol age’, by ‘producing alcohol and 
co-relative substances’ for an expanding chemical industry (Weir, 1995:285). 
 
 
Figure 20. Production of Industrial Alcohol in the UK and US 1908 to 1939 (Weir, 1989:384) 
 
The major oil companies, moreover, were not yet interested in chemical production. 
Distillation of gasoline remained a comparatively crude technology. Thus, ‘up to the 1920s, 
very little technological contact had been established between the petroleum and chemical 
industries. The former were oriented towards fuel and lubricants, the latter towards chemicals 
and the use of coke-oven by-products as primary feedstocks’ (Spitz, 1988:76). By the late 
1920s DCL’s activities in fuel and chemicals bridged the industries, creating links between 
the regimes through niche innovations in ethanol upgrading (Figure 21). 
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Figure 21. Positive feedbacks led from dyestuffs research to new aliphatic products 
 
ICI did not immediately follow DCL into aliphatics, due to their corporate dependence on 
coal. The company had located near the Durham coalfields to pursue a different technological 
pathway: high pressure hydrogenation of coal to oil, and fertilisers. These plants were similar 
in scale and ambition to ICI’s existing large alkali plants. ICI also had a knowledge sharing 
arrangement with DuPont, who were keen to tell them that in coal-based synthesis gas they 
had ‘an answer to anything the oil companies can do from hydrocarbon gases’. ‘A long 
distance policy based on coal’, DuPont later told ICI, ‘is sounder than one based on oil as 
there are periodic doubts whether the oil resources have anything but a limited life’ (Reader, 
1975:321). From the outset, ICI’s business was driven by Chairman Alfred Mond’s belief 
that ‘not only oil, but the whole field of organic products will be based upon coal as a raw 
material in the near future’ (Reader, 1975:84). ICI were aware of the likely public approval of 
a large-scale coal-to-oil project, on the grounds of energy and particularly military security, 
as well as employment in the coal industry (Reader, 1977:234). Small volumes of coal-
derived liquids obtained from coke oven by-products had been blended with petrol to reduce 
knocking and marketed as a patriotic choice for some years (Flight, 1929). As the prominent 
British coal industry suffered the effects of fuel oil imports and recession, the progress of 
ICI’s hydrogenation technology became the subject of parliamentary questions, a matter that 
was assisted by the company Chairman sitting in both houses of parliament during this phase 
(HC Deb, 1928). 
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Although there had been no wholesale change in products and feedstocks in the UK liquid 
fuels and organic chemicals regimes, by 1934 the foundations had become unstable. New 
feedstocks – alcohol and petroleum – had appeared, but politicians and the media had shown 
more distrust than support for the oil industry as it tried to grow European liquid fuels 
markets. For coal-to-oil, after the 1929 agricultural depression had destroyed fertiliser 
demand (Madsen, 2001) and ICI had excess capacity that could be used on the petrol project 
instead (Reader, 1977:234), ICI disclosed that public money would be needed to make coal 
hydrogenation a reality. In both regimes it was hard to see which feedstock would prevail, 
with decisions being dictated by companies’ internal experience and political intervention 
rather than a firm belief in long-term commercial sustainability. 
 
4.3.2 1934 – 1945: Technical specialisation in both regimes – Overlapping know-how 
in aliphatic chemicals 
The pre-WWII period was characterised by a continuing uncertainty over feedstock sources 
and little coherence in government support, which variously supported coal, oil and alcohol 
(Table 20). This led to moves either to hedge bets by entering corporate agreements, or to 
attempt to ringfence markets through lobbying. Two areas appear to have been particularly 
notable: polymers/plastics, and high octane aviation fuel. We concentrate here on the 
development of plastics research and markets. While this was not more significant than the 
role played by breakthroughs in high octane aviation fuel, a choice has been made here to 
focus on the events that led to the most rapid transformation of the sector – an account of the 
complementary events in aviation fuel is given elsewhere (Bennett and Pearson, 2009). 
 
Year Policy Summary 
1931 Alcohol Import Duty 
Removed 
Import duty lifted, which helps power alcohol 
1934 Hydrocarbon Oils 
Production Act 
8 pence per gallon subsidy for UK coal-based gasoline, and alcohol-
gasoline blends, incl. from imported molasses (>50% of after-tax price) 
1937 Falmouth Committee Concludes that coal-to-oil could not be justified, but subsidies should 
continue, to encourage Fischer Tropsch technologies 
1937 Alcohol Import Duty 
Reinstated 
4.4m gallons per year had been blended with gasoline (0.5% of total UK 
demand for gasoline) 
1938 Imperial Defence 
Committee 
Report recommends keeping seas clear for imports of oil rather than use 
coal-to-oil 
1938 Hydrocarbon Oils 
Production Act Amended 
Subsidy removed from alcohol from imported molasses and increased to 
a minimum of 9 pence per gallon for oil-from-coal for a further 12 years 
1939 Octane Standards 100 octane for RAF fuel introduced 
1939 Petroleum Board 
Agreement 
Wartime gasoline infrastructure and fuel pooled 
Table 20. UK policy interventions in organic chemicals and liquid fuels in the 2nd phase (1934 to 1945) 
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In 1934 ICI had finally succeeded in securing the British Hydrocarbon Oils Production Act, 
which guaranteed a preference of 8 pence per gallon for 4.5 years in favour of petrol 
produced in the UK from British coal (Reader, 1975:129). This kept alive the coal-to-oil 
project at Billingham and kept the coal option open for bulk organic chemicals. The Act also 
included alcohol-gasoline blends and so the distillers remained competitive in fuels wherever 
they were able to evade the local distribution monopolies of the oil majors. 
 
If the long-term raw material choice for fuel was not clear, there was also no obvious winner 
between the three main choices for organic chemicals. Alliances were formed and broken to 
delay firm commitments. DCL allied themselves first with ICI for exchanges of ethanol 
hydration products, then with US firm Union Carbide to access petroleum and synthetic 
alcohol knowledge from 1937. Talks with Union Carbide about petrochemicals collapsed, 
however, as DCL were unprepared to abandon fermentation alcohol as their basic feedstock 
(Weir, 1995:357). A similar fate then befell Standard Oil in their attempts at a joint venture 
based on DCL’s alcohol-derivatives business in 1938. DCL were initially only willing to use 
alcohol; although they did later consider petroleum and possibly coal (Weir, 1995:329). 
 
ICI and AIOC collaborated on cracker gases from AIOC’s Iranian refinery, but in 1939 ICI’s 
Development Department, under pressure from their agreement with DuPont, stated that 
‘fundamentally, coal is our ultimate raw material and failing oil refinery gases we should aim 
to base all our organic manufactures on it’. They had struck an agreement in 1931 with IG 
Farben and Standard Oil to share coal and heavy oil hydrogenation expertise, but no 
agreement about petrochemicals was reached with the oil majors (Reader, 1975:168). This 
was primarily because ICI’s historic self-sufficiency in raw materials made them averse to 
such joint ventures. In turn the oil companies were not interested in selling their by-product 
olefins cheaply; they wanted to integrate downstream to enjoy the values that Shell and 
Standard Oil had begun to demonstrate in the US. In 1944, ICI was equally committed to 
each of industrial alcohol, coal and oil (Figure 22) (Reader, 1975:320; Spitz, 1988). 
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Figure 22. ICI’s organic chemical process streams in 1944 
 
The facilitating role of polymer chemistry 
“From the time that a man brushes his teeth in the morning with a Bakelite handled 
toothbrush, until the moment he falls back upon his Bakelite bed (in the evening), all 
that he touches, sees, uses, will be made of this material of a thousand uses.” (Time, 
1924) 
 
In the 1920s a theoretical breakthrough was made in chemistry that would be keenly felt by 
both regimes. Staudinger’s assertion that some high molecular weight compounds are chains 
(polymers) of repeating monomer units of different lengths directly challenged the prevailing 
view that they must be cyclic molecules. The understanding that small reactive chemicals 
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could be joined together purposefully to synthesise products with known properties was not 
lost on Staudinger, who suggested that it ‘is not improbable, that sooner or later a way will be 
discovered to prepare artificial fibres from synthetic high-molecular products’ (Staudinger, 
1936:99). Confirmation of the theory was delivered by the synthesis of Nylon by DuPont 
shortly afterwards. While US oil companies had an interest in increasing the yields of fuel 
fractions with higher octane, their chemical knowledge was limited42. Consequently, 
developments in synthetic polymerisation in this period encouraged oil firms to seek 
consultation from chemical firms, a process that facilitated much closer knowledge sharing. 
 
From 1936 ICI’s Dyestuffs Division began to reorient itself towards ‘important fields’ in 
which they had so far ‘taken no active part’ (Reader, 1975:332). They included synthetic 
rubber, resins and lacquers. The markets for these products were so far much smaller than 
dyestuffs, but as ICI researchers said at the time, their ‘scope is almost unlimited, and it is not 
an exaggerated anticipation to suggest that the date is not very far distant when the sales of 
these materials overshadow dyestuffs themselves’ (ibid.). One common feature amongst 
many of these new areas was the scientific application of polymer chemistry; however, 
although this was an area in which ICI was to make perhaps its greatest contribution, it did 
not at that time anticipate doing so. 
 
 
Figure 23. Some plastics produced before WWII in the UK 
 
The story of polyethylene is an exemplar of the uncertainty that prevailed in the pre-war UK 
organic chemical regime, and also a good example of growth from technological niches. 
Before 1934, plastics in the UK were semi-synthetic and mostly based on cellulose, a 
                                                 
42 A Linde official visiting a West Virginian refinery in the 1920s reported the ‘crudity and inefficiency of…the 
entire allied petroleum industry’ and ‘ignorance of the principles and practices of rectification’ (Spitz, 1988:76). 
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complex polymer that was difficult to control (Figure 23). 
 
 
Figure 24. UK Cellulosic fibre production, from Monopolies Commission (1968) 
 
Production of cellulosic plastics and fibres from cotton or wood pulp expanded rapidly in this 
period with the post depression upturn (Figure 24). They were certainly not insignificant 
markets43, but the consumer-oriented markets they served and the relatively low-tech 
chemistry involved did not fit with the practices of the larger chemical firms. Specialist firms 
like British Celanese and Courtaulds benefited from direct sales; whereas ICI and DCL 
profited from the solvents and materials used in their manufacture. Thus, ICI considered that 
the plastics industry ‘was one in which ICI should play a vigorous part (even if only on 
account of the important quantity of ICI raw materials consumed therein, apart from any 
future profits which should be made from the manufacture and sale of plastics themselves)’ 
(Reader, 1975:340). 
 
Polyethylene was discovered in ICI’s Alkali Group when a 1934 high pressure experiment 
with ethylene/benzaldehyde was recognised to have produced an ethylene-ethylene polymer 
that had previously been considered unattainable. Polyethylene was found to be a strong, 
synthetic insulating material and was fiercely guarded by the Alkali Group who considered 
                                                 
43 When the first petrochemical Terylene plant was proposed in 1950 it was thought to be vast, yet it was only 
equal in tonnage to the UK cellulosic fibre output in 1935. 
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high pressure technology to be their territory and not that of the Dyestuffs or Plastics 
Divisions. Not until 1937 did ICI begin commercialisation and patenting of ‘Alkathene’ by 
which time it was being purposefully developed by Union Carbide in the US via a different 
route. Even then, as the 1937 production strategy testifies, polyethylene would be produced in 
Winnington in North West England by Alkali Group who would not ‘work it up into any 
finished state’, and marketed by Plastics Division from the North East or sold to other ICI 
groups. Citing internal company documents, Reader (1975:354-6) considers ICI’s disjointed 
approach to polyethylene to have arisen from a battle by the powerful and well-heeled Alkali 
Division to reassert control over the ascendant synthetic materials and aliphatics departments. 
 
Polyethylene was considered too expensive for the mass market but potentially useful for 
television, short-wave radio and high voltage cable insulation (Wilson, 1994). Alkali Group 
reserved the right to handle polyethylene, despite the other polymer products –Perspex and 
Rayon– being under the control of the Plastics and Dyestuffs Divisions. There was thus an 
inclination towards the use of coal feedstock, as used in the original experiment. Economics, 
however, dictated that the feedstock for the first plant, built in 1938, should be fermentation 
ethanol purchased from DCL. Due to the moderate demand for polyethylene as a specialist 
industrial product, the plant was designed for 100 tons per annum, with growth projected to 
quadruple by 1942 (Reader, 1975:357). In fact, the wartime discovery that polyethylene 
could make radar possible, plus orders for aircraft covers, increased demand to over 1000 
tons per annum by 1941. 
 
Polyethylene’s use as a packaging material was apparently not considered until DuPont saw 
cheap polyethylene as ‘satisfactory for manufacturing films’ during the war (Reader, 
1975:362). Within the terms of their agreement with DuPont, ICI had chosen, however, not to 
share polyethylene with DuPont, who had previously declined to share Nylon with ICI 
(Hounshell and Smith, 1988:199). ICI had not strongly contested DuPont’s decision on 
Nylon, partly due to their (ultimately unrealised) belief in their own synthetic fibre, a protein 
polymer made from groundnuts imported from British Empire plantations (Travis, 1998). 
 
The progress of polyethylene is indicative of the way that technological specialisation 
proceeded in the pre-war organic chemical regime. There was a premeditated trend towards 
investment in plastics as the new growth area, but a lack of know-how within the regime; 
innovation occurred in a haphazard fashion and actually arose from the alkali sector (outside 
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the core regime), which was unable to capitalise on it directly. The ultimate direction was 
determined by government policy towards feedstocks, which dictated that the comparative 
advantages of coal in research (due to cumulative experience) were supplanted by those of 
ethanol in scale-up and, even later, petroleum (see Section 4.3.3); thus, ICI’s ethylene source 
switched to petroleum in 1951. Decisively, it was a large and dependent demand for high-
tech telecommunications applications that expanded the niche and made the basic product 
more widely known and studied by process innovators. ICI’s protective approach to their 
innovation had initially shielded polyethylene from other process innovators, such as DuPont. 
 
Figure 25 uses causal loops to show how synthetic and (semi-synthetic) polymers achieved 
the growth shown in Figure 24 through innovations that reduced production costs, such as 
improved ethanol dehydration catalysts, and improved performance, such as chlorination of 
polyethylene or plasticizers for PVC. Because the plastic products that were becoming 
available were so adaptable, firms on both sides of the Atlantic were engaged in minor and 
inexpensive process innovations to gain competitive advantage. 
 
 
Figure 25. High tech goods provided a niche for synthetic and semi-synthetic plastics 
 
The availability of a high-tech niche market that could tolerate the high prices of early 
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products enabled this feedback dynamic to become established44. For instance, poor 
flexibility and moulding performance could be overlooked by telecommunications 
manufacturers as the insulation properties were far superior to other materials. 
 
The electronic goods industry is depicted as exogenous to the system but its feedbacks helped 
stabilise the niche in the same way that the US automobile industry had facilitated early 
aliphatic chemicals such as ethylene glycol antifreeze and tetraethyl lead in the 1920s (Spitz, 
1988). Underpinning all of this was the economic growth that symbolised the second half of 
the 1930s, to be replaced by military spending up to 1945. 
 
Figure 26 uses causal lops to describe how the nature of the growth in polymer capacity led 
to changes in the fundamental research direction and feedstock base in the UK organic 
chemicals and fuels regimes. 
 
 
Figure 26. New polymers initially used coal but aliphatics from alcohol soon competed via feedbacks 
                                                 
44 This differed from the experience in the US, where Bakelite was used in large quantities in ‘lower technology’ 
applications such as interior design in this period. European designers continued using wood, leather, metal and 
glass. Plastics were limited to ‘modern’ and functional goods such as appliances (Boldt, 2006). 
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The properties of aliphatic polymers could be altered through adjustment of the solvent 
system. Initially, this expanded the market for traditional solvents based on coal, such as 
benzene and toluene. But as technologies improved, it was the purer and oxygenated solvents 
derived from ethanol – e.g. acetone, methanol, ethers – which were favoured, partly due to 
preferential government policies. As traditional chemical firms became engaged in the new 
area of aliphatic polymers and plastics they contributed to ‘digging their own grave’ by 
assisting the innovations that led to further development of ethanol-based chemistry. 
 
In parallel to these developments in the organic chemicals regime, events in the liquid fuels 
regime also saw a major contribution by basic chemistry research that led to cross-
fertilisation between the regimes. Interaction between government policy, ICI technology, 
and Shell and BP refining operations in pursuit of high octane aviation fuel in the pre-war 
period has been more fully described by Bennett and Pearson (2009). The need for more 
advanced chemical technologies in petroleum refining was, like synthetic polymer 
production, a powerful force in the evolution of petrochemical technology in the UK. In the 
case of aviation fuel, a wartime need and government intervention brought existing 
technologies together in new combinations and also sowed the seeds for UK-based refining 
of petroleum in higher-value products. The result was that subsidies were secured by ICI and 
Shell for further developing their hydrogenation methods, whilst BP was compelled to pursue 
a promising new alkylation technology that ultimately thrived due to wartime necessity. 
 
4.3.3 1945 – 1967: Wide diffusion – Switch to home refining and regime convergence 
The legacy of WWII in the two regimes was a cross-fertilisation of knowledge on production 
of chemically superior fuels from oil45, and an appreciation of the potential of polymers such 
as PVC, nylon, and polyethylene. The economics of the Inconvenience Allowance had 
dictated that ICI’s first polyethylene plant in 1938 was based on fermentation ethanol feed-
stock, purchased from DCL. The Inconvenience Allowance was removed in 1945 (Table 21). 
 
                                                 
45 Bennett and Pearson (Forthcoming) describe more fully the importance of high octane fuel in this regard. 
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Year Policy Summary 
1945 Inconvenience Allowance 
Abolished 
Government acted on evidence of monopolistic behaviour by DCL 
reported by the May Committee 
1945 Distribution of Industry Act Development Areas defined to attract investment. ICI lobby to get 
controversial public grants for Wilton 
1946 Coal to oil conversion program Coal shortages prompt government to promote switching to fuel oil 
1946 Finance Act Hydrocarbon oils for chemical feedstock exempted from import duties 
1947 Finance Act Light hydrocarbon oils for chemicals exempted from all oils taxes 
1950 Customs, excise, purchase tax All remaining preferences for home-produced liquid fuels removed 
1953 Petroleum Board Agreement 
rescinded 
‘Pool' gasoline removed, oil companies can differentiate sales of 
varying octane fuels to motorists 
1961 Finance Act  Double Taxation Relief provided for UK downstream activities if 
upstream operations were taxed abroad 
Table 21. UK policy interventions in organic chemicals and liquid fuels 1945 to 1967 
 
The Hydrocarbon Oils Production Act, which had supported the manufacture of liquid fuels 
from coal, including ICI’s large hydrogenation plant, was extended until 1950 in order to 
support the coal and coking industries, and research into coal gasification (HC Deb, 1938); 
but from the beginning of WWII ICI confessed to the Government the full expense of coal to 
oil processes46. Thus, from the end of WWII, coal from oil began to be phased out as a 
national and industrial strategy, remaining viable for a period where infrastructure existed 
(hydrogenation) or by-products (benzole) were produced (Figure 27 and Figure 28). 
 
The subsequent removal in 1947 of import duty on petroleum imported for chemical 
manufacture significantly altered the rules of the game for the companies in the regimes. For 
DCL and ICI the question now was whether to become reliant on the oil companies for 
feedstock, or to develop their own oil supplies. For the oil companies it was a matter of 
whether to refine in the UK, or to stay near the wellhead and export products to Britain. 
 
DCL were concerned that their solvents trade would be imperilled ‘as the oil people would be 
able to cut prices of these as by-products’ (Weir, 1995:329). This concern was supported by 
their dealings with Standard Oil in 1938 about entry to the UK alcohol market. Standard’s 
Frank Howard had told DCL that if oil was to replace molasses in industrial alcohol, then the 
oil companies should produce it, unless DCL had a better cracking technique (ibid.). 
 
                                                 
46 By 1931 ICI had spent £1.25 million on the coal-to-oil project, equivalent to £19 million in 2006 prices – 
using GDP deflator (Officer, 2008), but the cost of petrol from coal remained three times the cost from orthodox 
sources (Reader, 1977:234). Despite the technological improvements achieved during the period of subsidised 
production, this fundamental economic disadvantage was not nearly overcome by 1939. 
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Figure 27. Sources of UK liquid transport fuels (excl. shipping fuel) 1924 to 200547 
 
 
Figure 28. Volumes of liquid fuels from coal sources in the UK 1935 to 198047 
 
Whilst DCL fretted about competing with the oil companies, ICI were concerned about a 
potential dependence on them. They reported in 1944 that ‘on the information immediately 
available within ICI, it is unsafe to make a clear cut recommendation between the oil route 
                                                 
47 Figures from UK statistical publications (DoE, 1975-1992; DTI, 1972-1974; , 1993-2006; Ministry of Fuel 
and Power, 1944-1961; Ministry of Power, 1962-1968) 
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and the molasses route [to ethylene] since the cost of raw material is so important and so 
dependent on external factors in the arbitrary control of other companies' (Reader, 1975:396). 
Not moving towards oil was also a risk. ICI’s Dyestuffs division concluded that ‘in the event 
of ICI taking no definite action the control of the aliphatic field will pass into the hands of 
others, which may well prove a crippling handicap’ (ibid.). 
 
For AIOC there had been little previous incentive to enter UK petrochemicals. They could 
ship refinery products globally from a baseload Iranian refinery and had positioned 
themselves firmly upstream. Olefins had traditionally been flared; they couldnot  be 
transported abroad at that time and Iran had no industry to use them. Although AIOC’s 
wartime experience with new chemical technology, such as cold acid alkylation for 
production of aviation fuel, had demonstrated the potential value of olefins in synthetic 
products, AIOC had few UK facilities and no access to chemical markets. 
 
Two additional technological and landscape changes can be identified as persuading AIOC to 
move to UK refining. Firstly, rapid increases in ship sizes made the competitive shipment of 
liquid products from Iran to each small European port less attractive. Large shipments of 
crude to be refined and piped within each country suddenly became a cheaper alternative 
(Bamberg, 1994:291). Secondly, the political security of their operations in Iran was 
threatened, affecting the requirement for Iranian refining of Iranian oil. 
 
AIOC’s strategy for moving into petrochemicals, therefore, was to partner a chemical firm. 
Although ICI was their first choice, ICI wished to be independent in raw materials and 
insisted on locating activities at Wilton, near Billingham. ICI were naturally mistrustful of 
surrendering control for any part of what they considered to be their value chain (feedstock to 
bulk unfinished product). They were also committed to Wilton by a political agreement that it 
would be included in the post-war North East Development Area and they could therefore 
receive government assistance with investment and planning permission (Pimlott, 1986:624). 
By working with US engineering firm Kelloggs on a novel steam cracking pilot, ICI 
confirmed the feasibility of importing naphtha, a better feedstock than regular crude or gas oil 
commodities (Obuasi, 1986). Scale-up would entail building the world’s first petrochemical 
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plant independent of the fuels industry, at the edge of technological viability48. This meant 
employing foreign consultants to fill gaps in petroleum knowledge, but otherwise resembled 
the previous coal-to-oil and nitrogen fixation projects in terms of scale and autonomy. 
 
DCL, by contrast, were relative newcomers to chemicals, and this was on the back of a 
discontinued subsidy. Although they had much of the necessary know-how and networks for 
aliphatics, chemicals remained the smaller of their operations in alcohol. DCL management 
continued to consider chemicals to be ‘but an insurance policy until the potable industry 
recovered’ (Weir, 1989:389). After holding discussions with Union Carbide, Exxon49 and 
Trinidad Leaseholds, a fit between DCL (downstream) and AIOC (upstream) was found. In 
1947 this led to a marriage of convenience in British Hydrocarbon Chemicals (BHC)50. The 
alliance centred on AIOC’s plan for a catalytic cracker at their Grangemouth refinery. 
 
Until WWII Shell had comparatively little infrastructure in Britain, although it had a gasoline 
refinery in the Thames Estuary and had arguably produced Europe’s first petrochemical, a 
small-scale detergent, on Merseyside in 1942. Involvement in the wartime aviation fuel 
projects put Shell in a position to benefit from the UK becoming the centre of European 
chemicals investment under the post-War Marshall Plan (Stokes, 1994). Shell purchased 
Petrochemicals Ltd., which operated Catrole refining in Manchester (Tugendhat, 1964). This 
secured them a low-risk entry into bulk olefins, and the possibility of linking to Stanlow 
nearby, where they invested in solvent production. 
 
Including Exxon’s investment in their existing gasoline facilities on the South Coast, four 
parallel projects were undertaken for the catalytic cracking of distillation products to high 
quality gasoline in the UK. Figure 29 shows that the competition between firms to erect new 
crackers led to all four sites coming online in the first years of the 1950s, as financing 
constraints were lifted. The figure shows that despite a strong industrial and political pre-war 
resistance to UK petrochemical developments, the initial post-war investments developed 
into almost runaway growth in capacity additions by the 1960s. The UK became Europe’s 
                                                 
48 Stratton and Trinder (2000) have said that ICI was exceptional in having the capital available to invest in 
independence from the oil companies. Most chemical producers in the post-war period were too financially 
stretched to replace plant from the 1920s and 1930s that used molasses or coal. 
49 A successor of Standard Oil 
50 Initially called British Petroleum Chemicals, it pooled chemical competences with the exception of DCL’s 
solvents, including ethanol, and AIOC’s fuels businesses. 
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leading petrochemical manufacturer throughout the 1950s (Chapman, 1973b). 
 
 
Figure 29. UK Catalytic Cracker Capacity Additions (data from the events database)51 
 
The industrial dynamics underlying this growth were related to the attraction of local, stable 
feedstock supplies for producers of downstream chemicals. Producers that had previously 
relied on alcohol or coal processes had an incentive to relocate alongside crackers, along with 
new entrants whose business case was now bolstered by cheap, bulk aliphatic olefin by-
products. Experience gained in downstream production consequently led to a new search 
heuristic in the industry, in which retrosynthetic research targeted ethylene, propylene and 
butylenes starting points. New products emerged and their producers, such as Monsanto and 
Socal, negotiated with the petrochemical sites to co-locate for feedstock access. 
 
In addition, process innovations enabled other companies to enter established markets 
without breaching patents.By 1960, both Phillips and Union Carbide were able to use new 
techniques to produce high- and low-density polyethylene (HDPE and LDPE), which had 
been monopolised by ICI and DuPont until their collusion was prohibited by the US courts in 
1953 (Rosato et al., 1969). Table 22 shows this process, outlined as causal loops in Figure 30. 
 
                                                 
51 N.B. decommissioning not included 
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Cracker Added size (tonnes per 
annum ethylene); date 
of commissioning 
Examples of locally established production facilities [firm, year] 
30,000; 1951 Polyethylene [ICI, 1952]; Polyamides [ICI, 1952]; Ethylene glycol 
[ICI, 1952] 
30,000; 1956 Terylene [ICI, 1956]; Polyurethane flexible foams [ICI, 1956] 
70,000; 1959 Vinyl acetate [ICI, 1966] 
200,000; 1967 New plastics (e.g. polyether ether ketone) [ICI, 1960s] 
450,000; 1969  
ICI 
Wilton 
500,000; 1979 (with BP)  
30,000; 1951 Synthetic ethanol; simple ethylene derivatives (e.g. glycols, and 
ethylene oxide) [1951, DCL] 
24,000; 1953 Styrene and Polystryene [1953, BHC & Monsanto] 
16,000; 1956 Ethanol [1956, BHC]; Butadiene & synthetic rubber [1956, BHC]; 
Polyethylene [1956, Union Carbide]; Propylene & Detergents [1957, 
BHC & Socal]; Cumene [1959, BHC & DCL (for phenol & acetone)]; 
70,000; 1960 Polyethylene [1960, BHC & Phillips] 
BHC 
Grange-
mouth 
250,000; 1968  
24,000; 1953 Polystyrene [1954, DCL & Dow] 
60,000; 1963  
BHC 
Baglan 
Bay 125,000; 1968  
110,000; 1951 Butadiene & Synthetic Rubber [1956, Esso & International Synthetic 
Rubber Co.]; Styrene [1956, Esso & Monsanto]; Polyethylene [1956, 
Union Carbide] 
Esso 
Fawley 
10,000; 1967  
30,000; 1951 Propylene Oxide [1957, Purchased by Shell from Petrochemicals 
Ltd.]; Ethylene Oxide [1958, Shell]; Polether polyols [1959, Shell]; 
Ethyl chloride and tetraethyl lead [1953, Octel Corporation] 
Shell 
Carrington 
150,000; 1966  
Table 22. Evolution of petrochemical plants co-located with UK crackers (data from events database) 
 
 
 
Figure 30. Loops showing attempts by firms to expand demand to meet capacity utilisation expectations 
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The result was a path-dependent spatial clustering of the industry around old industrial 
centres. Exxon’s site had been established for fuel oil production in 1921. ICI’s major 
operations in the North East had begun in 1927, where it valued access to the Durham 
coalfield. Shell’s Stanlow refinery was a descendent of a 1924 bitumen plant, while BP (as 
AIOC became in 1954) had first operated a small refinery in Grangemouth in 1924 to supply 
fuel oil to local industry. Only Fawley did not become a major site for downstream 
chemicals, as Exxon chose instead to export chemical building blocks and in 1962 
constructed a 78 mile ethylene pipeline to ICI at Severnside. 
 
Competition is another dynamic that adds insight to the processes that drove cracker growth. 
As new demand swelled for aliphatic chemicals, especially plastics, and demand for 
petroleum feedstocks grew, the crackers needed to be able to supply enough olefins 
sufficiently cheaply to retain market share. In turn, if Shell and BP wished to expand gasoline 
output to retain market share, attracting partners to use by-product chemicals could improve 
the economics of investment. Figure 31 develops causal loops that reflect this. 
 
 
Figure 31. Dynamics of competition in new cracker capacity 1945-1975 
 
This represents a marked difference between the positive feedbacks that drove cracker growth 
and those that provoked greater use of industrial alcohol in synthetic polymers in the 1930s 
(Section 4.3.2). The by-product nature of olefins led producers and users to collaborate in 
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cycles of expansion whereby over-capacity in chemical feedstock was balanced by new uses, 
encouraging further capacity. Ethanol derivatives in the 1930s were stimulated by the 
attractiveness of subsidised industrial alcohol, which could be used for fuel or chemicals. 
Ethanol derivatives were not by-products, they were products of diversification. Thus, a key 
economic driver was absent. 
 
To conclude this narrative, research into aromatics production from petroleum by chemical 
engineering firms (especially UOP) finally secured the dominance of petrochemicals. 
Techniques to produce high-purity, low-cost benzene, toluene and xylene from oil fractions 
enabled the chemical industry to become almost entirely dependent on a single abundant 
feedstock. This was not immediate, however, and in 1960 supply of benzene from coal was 
still more than half (147 million gallons) of total chemical demand (258 million gallons) 
(Spitz, 1988:184). The final phase, not covered here, involving a slowdown of capacity 
additions and new products up to the 1979 oil crisis, saw BP buy out DCL from BHC and 
move firmly downstream to become the nation’s second largest chemicals firm. Only one 
world-scale cracker has been built in the UK since: it was a joint project between ICI and BP. 
 
4.4 Discussion of results and relevance 
The following discussion of results is structured according to two elements of the research 
objectives. Firstly, two of the research questions set out in Chapter 0 are addressed by the 
retrospective work and are discussed in Sections 4.4.1 and 4.4.2. Secondly, several dynamics 
that underpinned the historical transition are then identified as having significance for the 
outcome of activities in RRM and biorefineries. Four themes are described in Sections 4.4.3 
to 4.4.6, along with other possible lessons from relevant episodes in the process analysis and 
the influence of the three levels of the MLP (Section 4.4.7). 
 
4.4.1 Research question 1 
► What were the socio-technical dynamics of the transition from coal-based to 
petrochemical technologies in the UK? 
 
In addressing this question, the narrative gives a general picture of the events and how they 
interacted to shape the transition. Alongside this, causal loops have been used to extract the 
main dynamic relationships in a number of the key episodes that heavily influenced the 
transition. In this section, the extent to which these methods can provide an unambiguous 
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understanding of the dynamics from a multi-level perspective is discussed. 
 
In its narration the transition was split into the three phases described by Geels (2005) in 
work on the MLP: The emergence of novelties in niches; The specialisation and take-off of 
new technologies; Wide diffusion, breakthrough in mainstream markets, and competition 
with the existing regime. The slowdown and stabilisation that followed these phases in the 
transition to petrochemical technologies can reasonably be considered to have been a product 
of the dynamics already existing by 1967. The details revealed by the process analysis show 
that this division into phases is not entirely artificial, and that the transition to petroleum 
chemical feedstocks in the UK did largely follow this pattern that has been identified by 
researchers of other researchers of transitions. To illustrate the three phases, Figure 32 shows 
the evolution of oil prices, refining and petrochemical feedstock use. 
 
 
Figure 32. Evolution of oil prices, UK liquid fuel refining and petrochemical feedstocks 1920 to 1975 
(quantities on left-hand axis, price on right-hand axis)52 
 
In the pre-development phase the cost of oil and refinery products was high and use of 
gasoline in the UK was low. This was an important formative period for oil use in liquid 
fuels, but in chemicals the high cost of oil, the saturation of existing markets by coal interests 
                                                 
52 Owes a debt to the depiction of co-evolution of vehicle costs and US road networks by Grubler et al. (1999). 
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and protectionist policies meant that change arose from a different direction. Geels (2005) 
cites the emergence of outsider firms as characteristic of the initial phases of transitions. In 
the organic chemical industry this was of particular importance and was catalysed by 
government policy. Since a particular feature of this industry was the domination by large 
oligopolistic actors, it took an act of policy in a related policy sphere to give the distillers an 
opportunity to enter the regime. A national preference for low proportions of imports assisted 
this process but also brought inorganic chemical producers into ICI, expanding the research 
capacity of coal-based organics producers. This first phase concurs with expectations from 
the MLP model, as proposed by Geels (2005) (see also Section 2.2.3): 
► Policy support for niches opens up the regime (e.g. industrial alcohol, coal-to-oil); 
► Saturation of existing markets (e.g. dyestuffs producers struggled to expand markets) 
► Wide cultural visions and promises (e.g. shared societal visions of the dangers of oil 
imports and the virtues of coal and ethanol) 
► The emergence of outsider firms (e.g. DCL, but also AIOC, Shell and Brunner Mond) 
► Hybridisation (e.g. the emergence of alcohol as a bridging technology between 
existing solvent and fuel markets) 
 
In the second phase, the major changes came from the liquid fuels regime, and also from a 
series of rapid developments in polymer technology that resulted from the strategy directions 
initiated in the pre-development period. Figure 32 shows that during this phase the price of 
gasoline began to stabilise at a low level, despite some wartime increases, and imports 
dominated the UK market. The result was stronger pressure to develop more competitive 
alcohol and coal-based fuels, but also a growing realisation that avoiding petroleum use was 
not necessarily possible or desirable. Several of the expected features of this phase of a 
transition, according to Geels (2005), are observed in the narrative: 
► Break out of niche by linking with market growth (e.g. accelerating demand for 
synthetic materials) 
► Strategic games and innovation races (e.g. the race for ‘100 octane’ – see Bennett and 
Pearson (2009)) 
► Hypes and bandwagon effects (seen to some extent in the early demand for Bakelite 
and synthetic fibres, but these were not yet petrochemicals) 
► Outsiders find it harder to break into the regime (e.g. the refusal of ICI, and even 
DCL, to collaborate with oil firms for fear of losing market or feedstock control). 
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Some features are less apparent, however, and their absence is largely explained by the size 
of the firms involved and their relative insulation from the consumer markets that their 
products ultimately serviced. ICI, for instance, aimed to be a supplier of intermediates to 
other parts of the manufacturing base rather than suppliers of consumer products. Thus, the 
archetypal ‘plucky’ outsider with links to social movements – such as the hygienists during 
the Dutch transition from cesspools to sewer systems 1840-1930 (Geels, 2006b) – is largely 
absent from the initial entry of petrochemicals in the UK. The oil companies were, in fact, 
larger than the incumbent firms. As result, lobbying that was undertaken by the chemical 
incumbents to maintain the status quo was mostly directed at a government level where 
binding preferences could be secured. As noted, it was in the liquid fuels regime that a 
societal preference for coal and alcohol rather than oil was cultivated by corporate and 
political figures in the inter-war period drawing on a variety of motives and policy concerns, 
ranging from demand shortfalls and overcapacity in fertilizers and alcohol to energy and 
military security and regional employment (Reader, 1975; , 1977); this had a marked impact 
on the enthusiasm for these same raw materials for chemicals. The presence of alcohol in the 
regimes served to increase the uncertainty over which feedstock would prevail. Alcohol 
appears to have survived primarily because socially and politically it could be portrayed as 
indigenous production, despite being based almost entirely on imported molasses. 
 
The third phase of wide diffusion is shown by Figure 32 to have been rapid and decisive. The 
post-war replacement of gasoline imports by UK refinery production can be seen as the 
catalyst for the diffusion of petrochemical feedstocks in the organic chemical regime. In the 
post-WWII period the organic chemicals regime was sufficiently free from the prior period of 
coal dominance that it was able to accept the new technology in order to help meet demand 
for synthetic products. The existence of only a handful of companies able to dictate the raw 
material base was a quickening factor. Even though they pursued different strategies, these 
strategies were sufficiently similar to enable and allow coalescence around petrochemical 
technologies. The needs of post-war reconstruction removed many of the reservations about 
petroleum imports and the competing designs in the polymer- and oil-cracking-sciences were 
resolved into two main dominant designs: catalytic cracking for liquid fuels production and 
olefinic, aliphatic chemicals as the building blocks of organic chemicals. These dominant 
designs are present in the strategies of each of the major actors. 
 
There are again some differences observed compared to the literature on reported transitions 
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in other regimes. The most prominent of these is that no major firms reliant on the previous 
technology-base failed to make the transition. Many small dyestuff and distilling companies 
were absorbed by larger competitors during the transition, but the size and momentum of the 
main protagonists ensured their survival. This differs from other sectors, such as automobiles, 
furniture or media products (Christensen, 1995), because each firm was selling to a limited 
number of downstream customers who could be controlled; unlike potentially fickle public 
users. Indeed, none of the policy measures listed during the above narrative was designed to 
modify consumer, rather than industrial, choices. 
 
The dynamics of the transition from coal-based to petrochemical technologies in the UK can 
thus be described as involving three main phases. In each phase policies and societal 
pressures that were external to the regime created new feedback loops that have been shown 
in causal loop diagrams to have disrupted the existing industrial base, fomented a period of 
competing technologies and then rapidly established a new paradigm that quickly dominated 
the regime. In the terminology of Geels and Schot (2007) this resembles a process of socio-
technical ‘de-alignment/re-alignment’ (Table 4, Section 2.2.1). The next section discusses the 
nature of the ‘co-evolution’ of the organic chemicals regime with the related liquid fuels 
regime. 
 
4.4.2 Research question 2 
► How was the transition to petroleum-feedstocks for organic chemicals influenced by 
interactions with developments in the liquid-fuels production regime? 
 
The timing and location of the establishment of petrochemical complexes in the UK was 
strongly influenced by developments in both regimes. These developments occurred at niche, 
regime and landscape level. At niche level the public and policy support for home-produced 
motor fuel and the whisky distillers stabilised both niche applications of industrial alcohol in 
liquid fuel and organic chemicals. This gave ethanol producers the opportunity to enter both 
regimes simultaneously and diversify away from potable alcohol. The disruption of the coal-
based regime can therefore be considered to have been caused by events in both regimes, 
partly influenced by changing attitudes to energy security, trade and government intervention 
after World War 1 and by prevailing economic circumstances. As a result the UK obtained 
early experience in home production of aliphatic chemicals despite an opposing policy pull 
towards expanding the incumbent coal-based organic chemicals regime into the domain of 
117 
liquid fuels. Subsequent feedbacks between the regimes in areas of polymerisation, high 
octane fuels and catalytic cracking provided processes of reciprocal causality that shaped the 
transition in terms of technology, location and institutions. It is difficult to imagine that a 
similar result could have arisen had the two regimes developed independently and not 
evolved in a closely related strategy and policy environments. 
 
Figure 33 provides an indication of how the two regimes became increasingly interconnected 
during the transition and how niche technologies in coal, alcohol and petroleum bridged the 
two regimes, and how events at a landscape level also played a role. Several of the key 
features of this process have been described using causal loops, which make explicit the 
feedbacks by which changes in one regime led to reciprocal changes in the other. 
 
 
Figure 33. Representation of how the transition progressed using a Sankey Diagram 
 
From consideration of the issues discussed in reference to research questions 1 and 2, several 
important results emerge that provide insight into the structural nature of feedback 
transitions. They are interpreted below, in accordance with the framework of the MLP. 
 
4.4.3 Co-evolution 
► Co-evolution of the two regimes seemed to be a dominant dynamic: changes in the 
118 
selection environment in one regime affected the selection environment in the other. 
 
As discussed in Section 4.4.2, the cross-fertilisation of technologies between the two regimes 
and the potential economies of scale were important catalysts for the establishment and 
continued development of petrochemical sites in the UK. From this perspective, the massive 
disparity in the size of markets for fuels and chemicals in terms of volume provided an 
advantage to firms already situated in fuels production. Looking ahead, to biorefining and 
RRM, this does not mean that it is pre-determined that a biofuels industry necessitates a co-
dependent bio-chemicals industry. Nevertheless, the ability to hedge against different markets 
and integrate vertically has certainly contributed to the success of petrochemicals firms. Thus, 
a consideration of how a bio-based industry might develop should acknowledge the 
established links between fuel and bulk chemical production and aim to evaluate how these 
regimes might now co-evolve, or whether, to what extent and why the link might become 
broken. Indeed, the strategies of ICI (after the demise of coal-to-oil) and Exxon enshrined the 
separation of fuels and chemicals until the mid-1960s; both constructed petroleum-using sites 
with little on-site interaction between the regimes. 
 
4.4.4 Spatial path dependence 
► Petrochemical complexes were not built immediately as fully-integrated plants, even 
though there had been two decades of prior experience overseas. 
 
Integration evolved through a process of clustering of downstream operations around a 
feedstock source and the emergence of a new search heuristic oriented towards olefinic 
platform chemicals. There are clear examples of the regional externalities that led to path 
dependence (Section 2.1.4). There was consolidation of activities around a small number of 
coastal sites, each of which was chosen for its existing foundations in one of the two regimes, 
providing infrastructure, labour and propitious planning circumstances (Figure 34). 
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Figure 34. Distribution of major facilities in the two regimes between the ends of the 2nd and 3rd phases 
of the transition: 1945 (left) and 1970 (right) 
 
ICI’s experience is instructive. According to the analysis of Pettigrew (1985): 
"There are various reasons why the Wilton Estate was chosen as the focal point for 
ICI's postwar development. The Tees offered access to the sea for the import of 
materials and the shipping of chemicals and finished goods. The Tees also provided 
water for cooling and the tidal river or sea an outlet for effluent. Coal and salt were 
close at hand in Durham, and as a ‘development area’ there would be financial and 
other encouragement from the government and the local authorities. Wilton also had 
one other big advantage - proximity to ICI's existing large chemical works at 
Billingham on the opposite bank of the Tees. This made possible the interconnection 
of Billingham and Wilton by means of a 10-mile-long pipelink soon to be built by ICI 
for this purpose. Eventually the advantages of scale and integration were to be 
reinforced by the construction of a further tunnel under the Tees through which raw 
materials, products and services could flow in both directions.” 
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Why these advantages outweighed the attraction of co-locating with an oil refinery can be 
understood in terms of the multi-regime dynamics of industrial politics – especially those 
connecting ICI to BP and the UK Government. 
 
This analysis of the transition to petrochemicals in the UK indicates that future technological 
pathways followed in the organic chemicals regime, in a given region, seem likely to relate 
closely to the existing industrial competences and infrastructures. The message from this 
historical work is that future transitions will form part of an ongoing evolutionary process 
shaped somewhat by past strategies and incumbent assets. A resulting high level integration 
of processes might be viewed more as a consequence of these processes than the purpose. In 
line with this, Table 23 illustrates how UK petrochemical integration took different forms. 
 
Model Spatial integration Process integration Example 
Complex High (extensive local 
concentration) 
Fully integrated through 
services and by-products, 
producing fuels, bulk and 
specialty chemicals 
Shell Carrington/ Stanlow; 
Exxon Fawley 
Clustering Intermediate (Regional 
grouping of downstream 
users around a refinery and 
cracker) 
Centralised pre-treatment 
allows smaller users to enter 
and exit the cluster to use the 
available output. 
BHC’s sites at Baglan Bay and 
Grangemouth. 
Distributed 
Hubs 
Low (Initial processing to 
transportable commodities 
performed separately) 
Some integration of services 
and by-products downstream 
in chemicals and fuels 
processing. 
ICI shipped in pre-distilled 
naphtha to Wilton, whilst other 
oil fractions went to fuel 
refiners. 
Table 23. Three Stylized models of different levels of spatial integration in petrochemicals in the UK 
 
4.4.5 Strategic Alliances 
► The agency of actors in the system was significant, and their choices of partners were 
influential. 
 
Corporate managers chose different strategies that were not based solely on economic 
efficiency and depended on their perspective of the firm’s market position. Examples include 
DCL’s resolute consideration of industrial alcohol as secondary business to potable uses, 
AIOC’s adherence to a position as an upstream supplier of unprocessed products and ICI’s 
commitment to independence from the oil majors. ICI’s position became untenable by 1967, 
when they partnered Phillips Petroleum, then BP, in fuel refinery projects in the North East. 
 
Disruption of the existing regime by landscape pressures or changes in related regimes 
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provides an opportunity for existing actors and outsiders to enter new areas of the socio-
technical system. In the 1920s disruption was caused by new policies in the associated 
potable alcohol sector, growing social and political demand for liquid fuels and political 
responses to cartelisation in industry. In the future, should the regime be affected by 
contemporary concerns such as environmental pressures and resource supply anxieties, 
‘outsiders’, such as agricultural and food producers, could be well placed to enter an industry 
using RRM on the basis of experience in handling these new feedstocks; but, like DCL, they 
may find stiff opposition from incumbent firms. 
 
Hufbauer (1966:43) has stated that for the chemical industry ‘market structure typically 
evolves from monopoly to oligopoly, and perhaps eventually to monopolistic competition’. 
The organic chemical industry in the UK during the entire period studied was controlled by a 
few large internationally-oriented firms, who used scale and network effects to erect high 
barriers to entry to smaller firms. Industrial concentration in both petroleum and organic 
chemicals in the UK after WWII gave rise to a very rapid pace of change. It is revealing that 
during the periods of wide diffusion and replacement by petrochemicals, the industry itself 
was prosperous enough to write off a large quantity of sunk investments53. 
 
The message from the retrospective analysis is that some of the key dynamic feedbacks 
involved interaction between different knowledge bases in the regimes. DCL, ICI and AIOC 
found entry into the bulk petrochemicals sector through partnerships. During the uncertainty 
of the 1930s/40s a number of such dialogues were initiated between regime insiders and 
outsiders: between chemical and bulk carbohydrate firms (ICI and DCL), fuel and chemical 
firms (ICI and AIOC, DCL and AIOC, DCL and Union Carbide, DCL and Exxon, DCL and 
Trinidad Leaseholds), fuel and process engineering firms (AIOC and Kelloggs, AIOC and 
UOP) and chemical and process engineering firms (ICI and Kelloggs). One result of this was 
evident in the nature of the first large-scale petrochemical products. BHC initially produced 
synthetic ethanol and simple ethylene derivatives with which DCL had experience. Although 
the feedstock providers and the manufacturers of downstream chemicals had a clear incentive 
to discuss partnerships, there was a key role for the process, or specialised, engineering firms 
                                                 
53 ICI abandoned much of the hydrogenation work at Billingham. BP decommissioned its smaller crackers very 
readily, for example the Baglan Bay 60,000 ton cracker was closed 5 years after opening in 1963, when a 
250,000 ton plant was commissioned at Grangemouth. However, while the new cracker was expected to be 
competitive for just a decade, due to the oil crisis in 1973 another cracker did not come online until 1979. 
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(SEFs). SEFs licensed knowledge of the early US oil refining business and cross-fertilised 
chemical engineering knowledge between the two regimes, reducing development costs. 
 
Downstream collaboration is another aspect of firm strategy in which strategic alliances can 
provide links to powerful positive feedbacks. Freeman (1997:108) points out that ‘chemical 
firms were impelled to enter industries which were resistant to technical change or unwilling 
to experiment with new materials. In the early days synthetic materials were treated with a 
high degree of scepticism [by downstream users]. The shortage or high price of natural 
materials drove the experiments with synthetics and then the necessary innovations.’ Thus, 
for example, Terylene synthetic fibre was a product that only became widely adopted once 
ICI and Courtaulds collaborated. 
 
4.4.6 Dominant Designs and Platform Chemicals 
► There is clear evidence of technological ‘lock in’ and resistance to change. 
 
Innovations in petroleum technology that arose on the edge of the system in the US were 
unable to diffuse into the UK organic chemical regime, due to the tight networks of interests 
that supported the routines of existing feedstock use and the inertia of incumbent dominant 
designs. A clear example is the unsuccessful attempt by Union Carbide in the late 1930s to 
introduce synthetic ethanol in the UK. This was one of the first products to be made after the 
war, when the ‘rules of the game’ were changed in favour of petroleum feedstocks (see 
Section 4.3.3). 
 
Partnerships are important in this context, as they bring together enabling technologies and 
also have the potential to establish norms and standards that are transferred via technology 
licensing. SEFs competed to sell their first crackers to AIOC in the 1920s in order to establish 
the dominant designs, which would become the industry standard. There is also evidence in 
the historical narrative for dominant designs in the acceptance of platform chemicals. Before 
WWII the UK firms were not prepared to accept the dominance of olefins and BTX over 
alcohol and coal-tar benzene. Once the two regimes had aligned around the dominant cracker 
designs, and a range of commercial petrochemicals were proven, olefins constituted a new 
platform of building blocks around which research could be rationalised. 
 
For the petrochemical industry oil refineries commoditised olefinic platform chemicals and 
123 
then BTX. Future technological change to a new feedstock base in the organic chemical 
regime would certainly benefit from a similarly reliable supply of chemical building blocks 
from the alternative raw material. History suggests, however, that only time will be able to 
decide which these might be. The ability to provide both aliphatics and aromatics could be an 
indication of the overall potential of a new platform for organic chemicals. 
 
The globalised nature of chemical production means that the process of interpreting and 
exploring functionality in UK chemicals and fuels research cannot be separated from 
advances overseas. Thus, through continual contact with the US and with German 
technologists, many of the applications of petroleum-based chemicals were known before 
their introduction in the UK. For example, the development of ethylene glycol and tetraethyl 
lead production for US automobile users subsequently created an import demand for these 
products to improve vehicle performance in the UK. Initially, the refinery capacity and 
technical expertise were not sufficiently developed in the UK to supply the home market. It 
seems highly likely that this provided further momentum to the formation and stabilisation of 
dominant designs based on refinery by-products. 
 
Whilst this evidence of the importance of dominant designs suggests that the transition 
exhibited path dependence, one aspect of the organic chemicals regime appears to partially 
mitigate against lock-in. New chemicals are readily hybridised with existing intermediates 
and feedstocks, reducing the impacts of changing user preferences by diminishing risk 
through exchange of knowledge. A chemical entity in a particular feedstock can often be 
substituted for another during incorporation into a saleable product, as occurred with the 
substitution of ethanol-derived ethylene with petrochemical ethylene. Chemical products are 
largely interchangeable and do not build loyalty through network benefits or proprietary 
(vendor) lock-in. Thus, replacement of the original feedstock regime can usually be 
accomplished without compensating consumers for transition costs, unlike with new drive 
trains for vehicles, in which the consumer of the new fuel already has a stake in the older 
engine and fuel. This relatively easier substitution serves to further accelerate change to a 
new trajectory, especially once the main actors have made the switch. 
 
4.4.7 Three-levels of evolutionary pressures 
The use of the MLP as a guiding framework for analysis allows consideration of how the 
different levels – niche, regime and landscape – influenced the nature of the transition. 
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► Change can be effected by destabilising influences at different levels of the system. 
Feedstock change began in the UK in the 1920s as a result of a disruption of the relatively 
stable existing regimes. This disruption emerged mainly at the landscape level, with public 
concern regarding reliance on foreign imports of fuel and developments in aliphatic 
chemistry in the US and Germany, as well as a regime-level crisis in the distilling industry. 
 
► Political measures strongly directed technological change 
This was the case for policies directed at both regimes; but equally as important were the 
knock-on effects of policies in other sectors (e.g. alcohol distilling and regional planning). 
Innovation was steered in the direction of coal and industrial ethanol during the 1920s and 
1930s, under the guidance of subsidies for fuel and alcohol. 
 
► The transition in the UK did not occur quickly or smoothly due to balancing effects of 
feedbacks at the different levels 
Even though the benefits of using light petroleum gases as chemical feedstocks had been well 
demonstrated in the US by the end of the 1920s, landscape pressures, such as 
suburbanisation, that drove gasoline demand in the US, were important but less strong in the 
UK, where energy security concerns linked more strongly with the incumbent technologies 
and firms. It could have been expected that the UK’s adoption of petroleum feedstocks would 
have mostly mirrored the US case – in which refining of oil provided an abundant by-product 
feedstock that simply undercut and outperformed coal in the new synthetic materials 
production. However, this thesis has shed light on the role of alcohol and the considerable 
political power of ICI and its association with the state54 Although the UK’s jump into 
petrochemicals was sudden, and large, it lagged the US due to the different nature of the 
liquid fuels regime in the UK, and the period of feedstock uncertainty during the 1920s and 
1930s. For both regimes in the UK, petrochemicals represented a small percentage of their 
operations: for the oil industry only 1% of their crude was converted into chemicals in 1950; 
for the chemical industry petroleum feedstocks supplied 6% of production in 1950, compared 
to 50% in the US. A multi-level approach has revealed the differing dynamics leading to 
                                                 
54 Reader  (1977:241) points out it was in the ‘early dawn of the modern era of state intervention in business 
affairs that ICI was born’. Although this was a period when free trade and laissez-faire were revisited after 
WWI, ICI ‘had at all times a strong infusion of public purpose and it was never a private institution, if by that is 
meant an institution which should be run in the interest of a narrow group of owners…In ICI. there was no 
tincture of public ownership, but the public purpose was there’. 
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these outcomes. It is suggested that a similarly broad approach might be productive for 
foresight work in these sectors. 
 
4.5 Conclusions 
This chapter has described a systematic analysis of information sources about the historic 
transition to petrochemical feedstocks in the UK. In order to impart the requisite richness of 
data the niche, regime and landscape levels of the socio-technical system were included 
within the system boundary under study, as well as the related regime of liquid fuels 
production. The interactions between the two regimes in the creation and breakage of 
technological linkages; the importance of political, social and industrial contexts and strategy; 
and the physical natures of the technologies themselves, have been shown to have been 
influential in shaping the trends shown quantitatively in historical charts and figures. 
 
Within both regimes the following elements have been recognised as guiding technological 
choices. Each of them is employed as an element of study with which to explore the four 
main themes – regime-regime co-evolution, spatial path dependence, strategic alliances, 
dominant designs – in the foresight work presented in the next chapters. 
 
► A network of actors and social groups (including: manufacturing firms; consumers; 
government; technology users; specialist engineering firms) 
o Alternate feedstocks required the expertise of outsiders and insiders. Insiders 
initially offered resistance, but their engagement in alliances was important to 
the feedbacks that helped new technologies grow out of niche applications. 
o SEFs played an important role in transferring knowledge between the regimes 
and spreading dominant designs. 
o The multiple stages of the chemical value chain made it easier for the major 
firms to introduce new technologies, as they were dealing with a limited 
number of downstream processors whose consumer products were often only 
marginally altered (technological hybridisation). However, this structure made 
it difficult for outsiders to effect radical change from bottom-up. 
► Formal, cognitive, and normative rules that guide actors (including: legal 
instruments; policy expectations; familiarity with chemical technologies; perception 
of resource availability; belief in the need for protectionism, collusion or resource 
independence) 
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o Policies were highly influential, both in the regimes studied and in terms of 
spillover effects from previously unrelated regimes, to the extent that there 
were many close relationships between key industrial and government actors. 
o Societal change had an impact at a landscape level. In the three phases, these 
evolutionary pressures were disruptive, delaying and, finally, accelerating. 
► Material and technical elements (including: resource availability; scientific 
knowledge; performance capabilities and measurement; capital requirements and 
construction lead times; by-product economies; locational path dependencies) 
o The feedbacks described by the causal loop diagrams indicate the importance 
of processes such as industrial research, learning-by-doing and scale 
economies. Activating these reinforcing cycles requires agreement amongst 
actors on interpretation of key problems55 and methods for tackling them – 
both in existing technological trajectories and in the alternative technologies. 
o The physical nature of the chemical feedstocks themselves is a critical factor 
in feedstock transitions. Whilst hydrocarbons have a high degree of flexibility 
in terms of chemical modification, the economics of such processes are 
crucial. This is especially important when considering the opportunities to 
diversify into sales of by-products, or derivatives. The first of these conferred 
opportunities for widespread technical change in the historical period. 
 
In conclusion, this chapter has sought to demonstrate how the process analysis of events 
offers a tractable method of exploring historic technological transitions with the intention of 
extracting insights for future scenarios that could help evaluate the development options for 
novel technologies or products, such as RRM. The next chapter turns to possible transition 
pathways towards RRM in the UK organic chemical regime, and explores them through an 
examination of key actors’ perceptions, building on the insights developed in this chapter. 
 
                                                 
55 In the language of Hughes (1983), these are referred to as ‘reverse salients’ (Hugh et al., 2007). 
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5 Renewable Raw Materials & Biorefineries: Case-studies of actor 
perceptions 2008-9 
 
5.1 Introduction 
The challenge faced by those who seek a systemic transition to sustainable use of RRM for 
chemicals is broad. It is different from that faced by innovators of a new bioplastic for waste 
collection sacks, or by developers of a bio-based lubricant. From Chapter 4 it has been shown 
that the ultimate uses of chemical feedstocks can be unclear at the time of their introduction, 
due to their multi-functionality and their distance from the final consumer. It is suggested 
here that in order to gain an understanding of how RRM might become established, it is 
necessary to examine a broad range of socio-technical factors that influence decision-making. 
 
This chapter describes the results obtained from an interview-based analysis of potential 
transition pathways towards RRM in the UK organic chemical regime. Section 5.1 
summarises the methodology and the way in which the insights from Chapter 4 underpin the 
approach. Section 5.2 introduces the initial conditions that characterise the current UK 
organic chemicals regime, the UK liquid fuels regime and the status of RRM and biorefining 
in the UK with regard to institutions, infrastructure and products. Section 5.3 presents the 
interview results according to the categories identified as potentially pivotal in Chapters 3 
and 4. The results are then discussed in Sections 5.4 and 5.4.1, in terms of their ability to 
inform a better understanding of alternative futures for the regime(s). Section 5.5 concludes 
the chapter. 
 
5.1.1 A multi-level foresight study of technological change 
The levels of the MLP that are germane to the study of technological transitions were defined 
in Chapter 3 and applied in Chapter 4. As a reminder, at the micro level niches are provide 
the initial applications for a given technology, in which familiarity can be acquired by users, 
usually in areas where its particular characteristics are especially advantageous, and 
sometimes while receiving protection from direct competition via a regulatory or 
performance standard. Examples identified in the historical work include the subsidised 
markets granted to alcohol- and coal-based gasoline, and the high-tech applications that were 
enabled by early plastics. 
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At the macro level a slowly-changing landscape is conceived that represents the broader 
political, social and cultural values and institutions that form the deep structural relationships 
of a society. Changing societal attitudes towards imported fuels provides a historical example 
of a changing landscape. At the meso level a socio-technical regime includes the producers, 
the users and the material elements of the technologies themselves. In this framework, the 
success of a new technology is not seen as guaranteed and depends to a large extent on 
whether and how it diffuses and becomes stabilised by new infrastructure, social networks 
and synergistic technologies; but an opening or ‘window’ in an existing regime can create 
breathing space in an otherwise initially hostile commercial environment. 
 
The case study analysis using semi-structured interviews presented in this chapter assesses 
the perspectives of influential actors on these three levels in the UK organic chemicals 
production regime and the UK liquid fuels production regime. 
 
5.1.2 Two regimes 
Application of the MLP to the technological system under consideration also demands 
definition of the socio-technical regimes – the macro-variables undergoing change. As noted 
in Section 2.5.1, two regimes each providing distinct services are considered: the organic 
chemicals production regime and the liquid fuels production regime. Current political 
accounting in the UK Standard Industrial Classifications groups the industry in Division 20 
(ONS, 2007). This is a broad grouping echoed by the definition of the Chemical Industries 
Association: ‘[The chemical industry] converts animal, vegetable and mineral raw materials 
into a host of products for use by both industrial and household consumers’ (CIA, 2009). In 
this study we are interested in only the sectors of the industry converting organic carbon-
containing raw materials, which are used in specific definable applications. Accordingly, the 
manufacture of industrial gases, inorganic basic chemicals, nitrogen compounds and 
agrochemicals is not included. 
 
The vertical integration of the major firms from well-to-pump has generated political and 
institutional structures that unite actors involved in the provision and use of liquid transport 
fuels. The UK Standard Industrial Classification of this industry is 19.2: ‘Manufacture of 
refined petroleum products’ (ONS, 2007). The historical analysis of the transition to 
petroleum-based feedstocks in Chapter 4 indicated the interconnectedness between the two 
regimes that has influenced their technological trajectories and may persist in the future. 
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5.1.3 Case study interview approach 
Chapter 3 outlined the literature on qualitative analysis of socio-technical systems and 
described the case study approach that was employed to gather information on the two 
regimes. In summary, a semi-structured interview procedure was designed to elicit 
perceptions of key actors about four features identified in the historical work as having 
played a dominant role in the dynamics of the transition: dominant designs, regime-regime 
co-evolution, spatial path dependence, and strategic alliances. In addition, actors’ perceptions 
of landscape factors, policy support and their strategies for integrating RRM technologies 
were identified from the literature as relevant issues to be probed in interview questions. 
 
Actor Type Actor Group Range 
Liquid fuels Oil majors → a recently launched independent biofuels enterprise 
Bulk Chemicals Multinational chemical major → single-product commodity polymer maker 
Speciality 
Chemicals 
Multinational manufacturer of cosmetic and other active ingredients → 
start-up at pilot plant stage 
Governmental 
Organisations 
European Commission → UK non-departmental technology transfer 
initiative 
Technology 
Developers 
Internationally focused provider of technology services & consultancy to 
new ventures → start-up biotech firm 
Bioplastics Established producer of packaging, including cellulose film → polymer user 
interested in biodegradability 
Regime 
insiders 
 
Outsiders 
Biomass 
Feedstocks 
Multinational agricultural and food commodity firm → developer of energy 
crops at a farm-level 
Table 24. Overview of actor groups interviewed 
 
To address the breadth of actors involved in the innovation system around RRM in the two 
regimes, seven actor groups were targeted, as shown in Figure 13 (Section 3.5.5) and a 
representative range of organisation sizes within these groups was approached. A reminder of 
these is provided in Table 24. One-hour interviews were conducted with appropriate persons 
from 28 organisations between October 2008 and March 200956. 22 were face-to-face and 20 
of these were conducted at the interviewee’s premises. As described, full transcripts of 
interviews were analysed using thematic coding to extract the themes and patterns in the data. 
 
5.1.4 System dynamics 
As in the previous chapter, causal loop diagrams are used to articulate dynamic interactions 
between system components. Simplified causal loops were presented to interviewees to elicit 
opinions on the dynamics of complex issues such as co-evolution and multi-level 
                                                 
56 24 were completed by December 2008. 
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interactions. Use of causal loop diagrams is intended to draw a clear (and challengeable) link 
between ‘back-casting’ and forecasting studies of transitions in a regime. The work presented 
in this chapter builds directly on the causal loops developed for the main episodes in the 
transition to petroleum-based chemical feedstocks in the UK, and collects data that can be 
used to develop these loops so that they can be used to underpin scenarios for the future 
development of RRM in the UK. These scenarios are developed further in Chapter 6. 
 
5.2 Initial Conditions: The current status of the regimes 
The state and nature of chemical production in the UK is very much influenced by the 
developments described in Chapter 4. The main centres of production remain the same and 
many of the products and markets are unchanged since the 1960s. However, there are several 
significant differences that affect the initial conditions for this study. 
 
► Globalisation and European integration 
o The markets for chemical products are more globalised. Large-scale 
production occurs in a larger number of countries. Nevertheless, multinational 
firms tend to integrate operations around continental markets, e.g. Europe. 
o The policy regime for UK industry now includes EU-level legislation. 
o The main centres of new chemical production are now the Middle East and 
Asia, which have expanding consumer economies and are often highly 
competitive, partly due to lower input costs, labour costs and regulatory 
costs57. 
► National chemical companies 
o European and US chemical cartels are largely a thing of the past, and many 
European ‘national champions’ were broken up during the 1980s, when 
business motives switched from bulk to speciality organics. Many oil 
companies divested their downstream chemical assets in the 1990s. 
o Non-OECD state-owned chemical companies, such as Sabic58, are a newer 
phenomenon. As UK firms have diversified into specialities, national 
companies have invested in bulk manufacture in the UK, such as crackers. 
                                                 
57 N.B. Petrochemical production in the Middle East began over half a century after oil refining in the region. 
The value proposition for the use of refinery by-products did not seriously emerge until Middle Eastern and 
Asian economic growth increased demand for synthetic products. 
58 Saudi Arabia Basic Industries Corporation 
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► Market saturation 
o Where synthetic polymers markets are still growing, it is mostly in expanding 
existing markets rather than the process of substitution that characterised the 
early phases of petrochemical growth. The automotive and construction 
sectors remain the largest customers of chemical companies. 
o In bulk chemicals, innovations tend to be process rather than product 
innovations. This is not the case in speciality chemicals. 
► Feedstock 
o Since 1969 the UK has produced oil and gas from the North Sea for onshore 
refining. Unlike the US, the UK has not widely used natural gas as a chemical 
feedstock in preference to naphtha, but the cracker at Mossmorran was 
construced in 1985 for natural gas. North Sea oil and gas are now in decline. 
o Volatile oil prices between 2005 and 2008, and a much greater concentration 
of oil reserve ownership within national oil companies has impacted on the 
profitability of many independent chemical operations. This has led to a rising 
interest in alternative feedstocks for the future, including coal and RRM. 
 
5.2.1 Actors and Institutions 
Grant et al. (1988) introduce the expression ‘sponsoring department’ to refer to a government 
division responsible for supporting the chemical industry, and ‘policy community’ to refer to 
a system of actors who interact to balance their various interests in the industry. Policy 
communities have limited membership and operate at a (supra-)national political level. 
 
The UK organic chemicals regime 
The policy community for the UK organic chemicals regime includes, at the national 
government level, the Department for Business, Enterprise and Regulatory Reform (BERR) 
and the Department for the Environment, Food and Rural Affairs (Defra)59. BERR is the 
sponsoring department60. The Chemistry Innovation Knowledge Transfer Network (KTN) is 
                                                 
59 This research was structured before the creation of the UK Department for Energy and Climate Change 
(DECC), which was formed from the relevant parts of BERR and Defra in October 2008, and the creation of the 
UK Department for Business, Innovation and Skills (BIS), which was formed from BERR and the Department 
for Innovation Universities and Skills (DIUS) in June 2009. 
60 It is understood that the relevant responsibilities of BERR and DIUS were transferred to BIS, and those of 
Defra transferred to DECC. Although this thesis refers to an interview study of the former departments, the 
references to BERR, DIUS and Defra can be interpreted as applying currently to BIS and DECC. 
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a Government initiative that facilitates innovation in the chemical industry and reports to 
BERR and the Department for Innovation, Universities and Skills (DIUS). At a regional level 
the Regional Development Agencies (RDAs) have engaged in regeneration and infrastructure 
projects such as the Centre for Process Industry (CPI) in the North East, which has become 
internationally active in commercialisation of advanced chemical technologies. At the EU 
level, the sponsoring department is the Directorate General (DG) for Enterprise and Industry 
at the European Commission (EC). The DG for Environment is also influential. It initiated 
REACH61, the most significant chemical industry regulation in recent decades.  
 
The whole chemical industry is represented to the EU by the European Chemical Industry 
Council (Cefic), and complemented by more specific associations such as PlasticsEurope. 
Their British counterparts are the Chemical Industries Association (CIA) and the British 
Plastics Federation. CIA figures show that the UK chemical industry has turnover in excess 
of 57 billion GBP and is UK manufacturing’s largest exporter. It spends over 2 billion GBP 
per year on new capital investment and has over 180000 employees working for 3000 
organisations, although only 160 of these employ more than 250 people (CIA, 2009). Of 
these larger firms, the organic side of the industry remains dominated by the legacy of ICI 
and BP. ICI expired in 2008 with takeover by AkzoNobel after almost two decades of 
rationalisation. BP Chemicals was split up and sold off between 1997 and 2005, mostly to 
Ineos. Sites and operations formerly owned by these two firms are major players in the 
organic chemicals sector, and many current owners – such as Sabic and Hunstman – are 
headquartered outside the UK. In addition, speciality chemicals companies such as Croda 
International and AkzoNobel have consolidated and grown into global-scale operations. They 
are represented by the British Association for Chemical Specialities (BACS). Chemical 
science professionals are also represented politically and professionally by the Royal Society 
of Chemistry (RSC), the Society for Chemical Industry (SCI) and the Institution of Chemical 
Engineers (IChemE) 
 
Major downstream processors of basic organic chemicals include multinational consumer 
products firms such as Unilever and Proctor and Gamble, and packaging firms as represented 
by the Packaging and Films Association (PAFA) and European Plastics Converters (EuPC). 
 
                                                 
61 Registration, Evaluation, Authorisation and restriction of CHemicals 
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The UK liquid fuels regime 
The policy community for the UK liquid fuels regime includes, at the national government 
level, BERR (sponsoring department), the Department for Transport (DfT), and Defra. The 
Renewable Fuels Agency (RFA) is a Government initiative that oversees the Renewable 
Transport Fuel Obligation (RTFO) and reports to DfT. The RTFO came into force in April 
2008. It obliges diesel and gasoline retailers to meet a 5% renewable content by 2013. 
Regionally, RDAs have encouraged development of biofuels production in some regions, 
including the North East and North West. At the European level, the sponsoring department 
is the DG for Energy and Transport at the EC. The DGs for Environment and Enterprise are 
also influential. DG Environment is responsible for the Integrated Pollution Prevention and 
Control legislation that regulates European refineries. The UK Petroleum Industry 
Association (UKPIA) represents the main oil refining and marketing companies in the UK, of 
which there are 962, and the Association of UK Oil Indpendents (AUKOI) represents the 
independent petroleum product retailers, of which there are 11, including 4 supermarkets. 
The main refineries are located near Grangemouth, Hull, Milford Haven and Fawley.  
 
5.2.2 Institutions engaged in RRM 
A number of initiatives by both governmental organisations and firms have begun to create 
an institutional framework for RRM in UK manufacturing. The most established is that for 
the biofuels industry that has emerged to satisfy the RTFO. Concerns over environmental and 
humanitarian consequences of strongly ambitious policy targets have also engaged the public 
and media in a debate about biofuels expansion. Hence the Renewable Energy Association 
(REA), which represents the renewable energy industry, is active in the area, along with other 
groups such as North East Biofuels. Approximately ten firms are active in UK biofuels 
production. The ten oil companies in UKPIA are yet to produce biofuels in the UK. 
 
In chemicals production, RRM are already utilised in speciality chemicals where they provide 
specific properties or confer a ‘natural’ selling point, including some cosmetics and paints. 
However, concerns about sustainability, rural economies and indigenous petroleum depletion 
have generated interest in expanding this low percentage63 for the UK organic chemical 
industry. Defra oversaw the Government-Industry Forum on Non-Food Uses of Crops 
                                                 
62 BP, Chevron, ConocoPhillips, Exxon, Ineos, Murco, Petroplus, Shell, Total. 
63 Approx. 3% by weight, although this has not been officially reported. 
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(GIFNFC) between 2001 and 2004. GIFNFC (2004) found that legislation often favours the 
licensing of familiar chemicals over new applications from crops and that waste policies do 
not provide incentives for moving away from non-renewable resources. Defra subsequently 
established the National Non-Food Crops Centre, which supports producers, manufacturers 
and consumers to build supply chains for plant-derived materials. In addition, BERR 
established the Bioscience to Business KTN in 2006 to enhance innovation in biotechnology, 
including industrial biotechnology. This extended the remit of the Pro-Bio Faraday 
Partnership that had focused on biocatalysis rather than RRM. These organisations, plus an 
number of academic institutions have undertaken studies of the potential for RRM and 
biorefineries, including Jenkins (2008), CARM (2002) and Nexant (2008). 
 
Industrially, the main products from RRM pre-date the current interest in the future ‘bio-
economy’. In applications such as cosmetics, water treatment and cellulosic polymers, RRM 
can provide functionality and a cost advantage in addition to ‘environmental’ premiums. 
Oleochemicals, primarily from rapeseed oil, are the largest group, followed by starch and 
sugar-based chemicals. New products and ideas, often using biocatalytic processes, are 
emerging from within the new policy and societal framework that supports RRM. This is 
reflected in partnerships between organisations in the organic chemicals regime and those 
with resources relating to conversion of bioresources. Examples include: DuPont and British 
Sugar; Croda and Aquapharm; Ineos and BRI Energy. Some firms with a presence in the UK 
have entered into joint ventures based outside the UK: Cargill and Dow, ADM and PolyOne. 
 
The dominant early growth area for new, sustainability-inspired organic chemicals is 
bioplastics. The bioplastics industry has had an industry association – European Bioplastics – 
since 2006 at the European level. UK members include producers of more traditional 
biopolymers that adapt the existing polymeric structure of cellulose, and those wishing to 
market more novel bioplastics from monomers derived from RRM. Novel bioplastics thus 
have more scope for modification of properties and use in rigid applications, such as cutlery, 
but have a lower market share to date. Polylactic Acid (PLA) and polyhydroxy butyrate 
(PHB) are the only commercially produced novel bioplastics; both are made in the US. 
 
5.2.3 Infrastructure 
The distribution of fuels and chemicals activity in the UK is similar to the situation in 1970. 
Several plants have closed – for example ex-BP sites in South Wales – and some new 
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infrastructure has been constructed. The number of refineries in the UK has fallen from a 
high of 19 in 1975 to 9 currently, and the 9000 filling stations are a quarter of the 1970 total 
(UKPIA, 2007). New infrastructure includes a catalytic cracker that produces olefins from 
North Sea gas in Mossmorran and pipelines to transport it to Grangemouth and Stanlow. In 
terms of infrastructure that has been installed for conversion of biomass, the dominant 
products are electricity and some liquid transport fuels, all of which have been commissioned 
since 2007. Figure 35 provides a graphical representation64. The North West is the largest 
regional centre for chemical manufacture in the UK, with almost 800 organisations. 
 
5.2.4 Products 
The main organic petrochemicals and refinery products produced in the UK are reviewed in 
this Section, followed by the main bio-based products being considered for future production. 
 
Refining output has changed in the past 40 years. Petrol demand and supply peaked in 1990 
and has declined 17% in the last 10 years. Diesel, however, continues to rise steadily and has 
increased 36% in 10 years (UKPIA, 2007). Aviation kerosene fuel displaced aviation spirit 
with the introduction of the jet engine and is now a major product. Transport fuel now 
accounts for 66% of demand for petroleum products, and its trends have the biggest impact 
on the oil industry. Since 1973 fuel oil consumption for stationary heat and power has 
declined dramatically, and lubricants demand has decreased due to better engines. However, 
biofuel blends may increase the need for lubricants in motor engines. 
 
In terms of petrochemicals, the main products at Grangemouth are HDPE and LDPE from 
ethylene. At Stanlow LDPE is the major output. Teesside produces a greater range of 
products from ethylene, propane, butadiene and BTX. Fawley exports ethylene, propylene 
and butene and produces MEK (methyl ethyl ketone) solvent and synthetic rubber. Table 1 in 
Appendix G shows the top 11 organic chemical products produced in the UK. This shows 
that the basic olefins and their polymers are the major products by both volume and value. 
Acrylic polymers also play an important and growing role that relates to the legacy of ICI’s 
Perspex production at Wilton. With the exception of Nitrogen heterocycles and organic acids, 
these products are all low-value, high-volume products. 
                                                 
64 Biomass power stations are included where capacity exceeds 25MW and uses dedicated biomass supply 
chains rather than local waste for CHP. 
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Figure 35. Distribution of existing petrochemical and bioenergy infrastructure in the UK in 2009 
 
Table 2 in Appendix G shows that the chemicals manufactured in the UK with the highest 
unit values generally have heteroatom functionality, including oxygen. Nitrogen and oxygen 
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functionality must be added to petrochemical feedstocks, but is often present in RRM. These 
products have much lower production volumes and UK production is presently insufficient to 
meet UK demand; in fact, UK production has been falling for many of these products. The 3rd 
and 13th placed products by unit value are, interestingly, from RRM: cellulose and enzymes. 
 
Table 3 in Appendix G indicates the types of products for which the UK currently spends 
heavily on imports, suggesting targets for alternative production methods. These products 
tend to be high-value low-volume basic chemical products with heteroatom functionality, and 
their importation is generally increasing in volume. This table indicates that renewable 
methanol could find a local market. Acrylic polymers also play a large role in import 
markets, as does HDPE, which is a widely-traded commodity. The presence of coal tar 
aromatics shows the UK's complete transition away from coal-based organic chemicals.  
 
A number of chemical products are currently produced from RRM in the UK, and a much 
larger number have been recently investigated as possible entrants to the regime. The 
oleochemicals industry is a good example of an established industrial base using RRM. 
Johannson (2001) estimates that 20% (460000 tonnes) of EU-produced surfactants were from 
RRM in 2000. In the UK, cultivated oils are also used elsewhere in the speciality chemicals 
industry. For example Croda are the largest contractors for HERO rapeseed65 for manufacture 
of erucamide, which is used widely as a slip agent for polyethylene. They are also a major 
producer of glycerol-derivatives from vegetable and animal sources. Refined glycerol is also 
sold as a valuable input to the pharmaceutical industries and its large-scale production as a 
biodiesel by-product has prompted serious consideration of new uses for it as a platform 
chemical, for instance for epichlorohydrin (Chiu et al., 2006; McCoy, 2006). Similarly, the 
possibility of using ethanol for ethylene and other basic chemicals has been raised in response 
to the focus on bioethanol as a transport fuel (Tretyakov et al., 2008). 
 
Bio-lubricants is another area that is increasing in significance. It has been estimated that 
there is great potential in the hydraulics market, due to the environmental impacts of using 
non-biodegradable products in the event of contamination. Biolubricants from vegetable oils 
are therefore already cost-effective in many applications. Solvents, such as alcohols, are a 
growth area due to the cost of meeting environmental disposal regulations for waste. Ethyl 
                                                 
65 High Erucic Acid Rapeseed Oil (HEAR or HERO) 
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lactate has been proposed as a green solvent candidate for different industrial fields, and is a 
derivative of ethanol and lactic acid (Aparicio and Alcalde, 2009; Bennett et al., 2009). 
 
Lactic acid is the monomer for the most well-established novel biopolymer. Polylactic acid 
(PLA) is not yet manufactured in the UK but is imported for applications such as plastic bags 
(Murphy et al., 2008). Reineck (2008) has studied the viability of UK production  and PLA 
remains the focus of much bioplastic research (Hong et al., 2009). Starch- and cellulose-
based polymers are used for a range of flexible packaging and bag applications. 10% of UK 
starch use is for non-food uses (Messias De Bragança and Fowler, 2004), of which 70% is 
from imported raw materials. Likewise, whilst cellulose-based polymers are produced in the 
UK, the raw material (wood pulp) is imported. Demand for bioplastics in Europe has been 
growing at approximately 20% per year with significant demand generated in the UK by 
several major retailers switching to biodegradable packaging. However, concern over GMO 
content has led some retailers to reject US-made PLA. Niches are also developing for 
biodegradable polymers in medical applications such as tissue scaffolds (Boesel et al., 2009). 
 
In the research literature, discussions of advanced bioprocessing and biorefineries have 
described potentially large product families that can be accessed from either fermentation or 
gasification of biomass. Succinic acid from sugar is widely cited as a potential starting point, 
as are other organic acids, bionaphtha and methanol from syngas (Delhomme et al., 2009; 
Kamm et al., 2006). An additional area of research is focused on lignin, which is separated 
from cellulose in the manufacture of paper and the extraction of sugars for lignocellulosic 
ethanol (Nelson, 2008). Lignin is both a biofuels by-product and contains aromomatic 
functionality that could substitute the phenolic resins that are widely used as adhesives in 
particle boards. These can present occupational hazards from liberated toxic substances, and 
non-toxic, biodegradable alternatives from RRM are under development (Stewart, 2008). 
 
Despite many potential product areas in chemicals, most biorefinery discussions consider 
biofuels alone (Taylor, 2008). So-called ‘1st generation’ biofuels are manufactured from 
vegetable oils and sugars. Vegetable oils, including UK-grown rapeseed and imported soy 
and palm oil, are transesterified to produce biodiesel, which is blended with mineral diesel in 
ratios up to 5%. Sugars, from cereals and beet, are fermented to produce bioethanol. A high 
protein stillage by-product is sold as an animal feed. Ethanol produced from sugar cane in the 
tropics is also used in Europe. Cars capable of using 85% ethanol fuel are not currently sold 
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in the UK and 5% blends with mineral gasoline are sold to meet the policy mandate. 
 
2nd generation, or advanced, biofuels are not yet in production but are considered to be an 
essential development if expanded biofuels use is to avoid direct competition between food 
and non-food uses of crop land. Thus, technologies that use lignocellulosic biomass, and even 
algae, are advocated (IB IGT, 2009). Lignocellulosic biomass can be wood, energy crops or 
straw. Large-scale supply chains for these resources are already being established for use in 
biomass power stations, which are incentivised by the UK’s Renewables Obligation scheme 
for electricity. The proposed technologies are mainly gasification and fermentation. A 
hydrocarbon diesel from syngas can be made that is highly blendable with mineral diesel, but 
the capital costs of gasification plants are very high. The challenge for lignocellulosic 
fermentation, on the other hand, is to fractionate the biomass and separate the sugars from the 
cellulose and hemicellulose. Once the sugars are separated, fermentation to ethanol or butanol 
can proceed, or conversion to alternative fuel molecules such as furanics (Roman-Leshkov et 
al., 2007). 
 
5.2.5 Resources 
Since the late 1960s the UK has used petroleum oil and natural gas from its own reserves in 
the North Sea for both liquid fuels and organic chemical feedstocks. Despite recent rising oil 
prices, production of both resources has been in decline since 2001 (Figure 36). The UK is a 
net importer of oil and gas. Although import oil prices were comparatively low in the first 
two quarters of 2009, they remain volatile and are forecast to rise by 2015 (IEA, 2008). 
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Figure 36. UK Crude Oil and Natural Gas Production 1965 to 2006 (from DUKES) 
 
Whilst there is not space in this section to review the many attempts to classify and assess 
land-use potential in the UK and elsewhere, a brief overview can be provided. In agricultural 
production, the three main arable crops of wheat, barley and oilseed rape represent nearly 
80% of the cropped area of 4.3 million ha, producing 21.7 million tonnes of grain per annum 
(Figure 37). Approximately 2.3 million tonnes of UK wheat is scheduled for use as a 
feedstock for bioethanol at the Vivergo and Ensus plants under construction. Some of this 
was previously exported. In comparison, miscanthus and short rotation coppice energy crops 
are grown at 64000 and 23000 oven dry tonnes (odt) per annum respectively (ADAS, 2008). 
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Figure 37. Land use maps of cereal, starch and grass for the UK from ADAS (2008) 
 
Figure 38. Land use maps of forestry for the UK from ADAS (2008) 
 
Straw is another potential renewable feedstock for power, fuels and chemicals. Total 
recoverable UK straw production is estimated at 13.9 million odt, much of which is currently 
used for feed and bedding (ibid.). Grassland has the potential to be partially converted to 
energy crops in the future, or used for grasses that can be directly used in a biorefinery 
(Kamm et al., 2009). The area of temporary grass is 1.2 million ha. It is possible that the 
entire temporary grassland area, together with up to 600000 ha of permanent grassland could 
be suited to production of either SRC or Miscanthus. Livestock numbers are decreasing. 
Total UK woodland area is 2.75 million ha, comprising 1.57 million ha conifer and 1.17 
million ha broadleaf (Figure 38). The average production from this area is approximately 
4.43 million odt, of which 4% was used in heat or power generation in 2002-06 (ADAS, 
2008). 
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UK land-use has been heavily influenced by the EU Common Agricultural Policy (CAP) and 
its successors. Set-aside and sugar market policies are most relevant to this thesis. Set-aside 
land was made compulsory for farmers from 1993-2008, but could be used commercially for 
non-food crops. 655000 ha were set-aside in 2007-08 (including voluntary set-aside) of 
which only 14% was used for non-food crops, mostly oilseed rape. Set-aside was stopped in 
2008 and wheat increased by 13%. Land may also return to production for energy crops. 
 
Reform of the EU sugar market is already having an impact on the two regimes. Sugar beet 
farming was subsidised by the government from 1956-1973 to support a British sugar 
industry. This was continued after UK entry to the EEC as the CAP provided tariffs on sugar 
imports and managed quotas to enable European sugar beet to compete with tropical sugar 
cane. The UK market is split almost 50:50 between Tate & Lyle cane and British Sugar beet 
sugar. From 2009, however, market access will be given to least developed countries and the 
minimum beet price will be cut by 39% in accordance with international trade rules. British 
Sugar has closed 12 sites since 1981 and diversified into bioethanol since 2007 (Jenkins, 
2008). It is now looking at sugar as a possible organic chemical feedstock. 
 
5.3 Results and analysis by category 
The following sections present the results that emerged from the coding of the interview 
transcripts (see Section 3.5.6 for a description of the methodology). Table 25 provides a 
reminder of the steps that were followed. 
 
Conceptualising Breakdown of the data into discrete statements. ‘Line-by-line analysis’ (Strauss and Corbin, 
1990) and grouping in a spreadsheet in the categories of interest (co-evolution; dominant 
designs; spatial distribution; applications), according to common language or descriptions.  
Labelling Attribution of ‘open’ explanatory codes to entries within the groupings. Groupings are not 
restrictive so each statement can be labelled more than once in different groups. 
Classifying As these categories began to repeat and appear in similar contexts, the narrative types were 
classified using Strauss and Corbin’s (1990) concepts of property and dimension. Properties 
are defined by the grouping and labelling, whilst dimensions are the locations of these 
properties within the set of interviewees, e.g. type of organisation, size of organisation etc. 
Table 25. The three steps followed in the coding process, after Caldiero (2007) 
 
5.3.1 Perceptions of landscape factors 
Whilst some of the dynamics of contemporary chemical feedstock transitions might have 
analogues in the historical period, the underlying motives for change are likely to be 
different. The MLP takes explicit account of this in the concept of landscape factors. During 
the first phase of each interview, interviewees described the reasons for their involvement in 
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RRM. Most of them returned to these factors to emphasise their answers to later questions. 
 
References to external pressures for change were made 44 times and were varied. Five main 
properties of these statements were identified in classification. Table 26 shows the 
classifications and the types of statements that populate them. A-D are broadly equal in terms 
of their proportion of the 44 statements, although if this is weighted according to frequency 
across different interviewees then D is marginally higher. Thus, no one clear change in the 
socio-technical landscape is considered to be driving current developments in RRM. More 
revealing results are found by disaggregating by actor group within each classification. 
 
 Classification Main themes Proportion 
A The policy landscape has 
changed 
Biofuels policies change the landscape for biochemicals; 
Policies are trying to make chemicals more sustainable; 
There is a new political push for a bio-based society. 
25% 
B Broader socio-economic 
landscape changes 
The change in oil price; consumer awareness of the life 
cycle impacts of products; Sustainability is a hot topic. 
23% 
C Consumer engagement in 
sustainable consumption has 
changed expectations 
There is a growing demand for biodegradable materials; 
Customers throughout the value chain are asking for 
renewable content. 
23% 
D Industrial practices are changing Using renewable chemicals is part of the culture now; 
Need to consider the environmental impacts of products; 
Incumbent chemical industry is no longer innovative. 
20% 
E Technology has advanced Biopolymer technology has improved recently. 9% 
Table 26. Classification of interviewees’ reference to landscape factors 
 
Policy Landscape 
References to the influence of the policy landscape were made most frequently by 
governmental bodies, followed by speciality chemical firms. Bioplastic and biofuels firms did 
not refer to the impact of recent policies in relation to RRM for chemicals. This suggests that 
the existing policy mix has not yet created the expected pressures on industrial actors, with 
the exception of speciality chemical producers who have been impacted by the diversion of 
oleochemical feedstock to biodiesel production. Table 27 gives example statements. 
 
Government “By mid-2007 things had rolled forward and there had been a lot done on biomass, energy 
was getting bigger, biofuels was now the backdrop” 
Specialities “I think there’s been a recent change; probably since the millennium...The legislative 
drivers have been increasing…Kyoto agreements on reducing CO2 emissions, legislation in 
places like California on solvent use etc.” 
Technology 
Development 
“When we started, there wasn’t a particular focus on renewables; that has rather been taken 
up because of biofuels investments that have been made [locally], and that goes back to the 
policy statements that have been made.” 
Table 27. Example quotes on policy-related landscape changes 
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Broad socio-economic changes 
References to broader socio-economic landscape changes were made most frequently by 
biofuels and bioplastics producers, as well as governmental bodies. Climate change and 
unprecedented oil prices were expected themes, but these were equalled in number by 
references to the less-specific awareness of ‘sustainability’. This suggests that the importance 
of social attitudes in underpinning new practices is recognised by those already working in 
niche areas that derive value from environmental performance, but that that insiders in the 
regimes do not yet consider themselves to be guided by changes in public opinion. Climate 
change is considered by the interviewees to be the biggest single socio-economic landscape 
change impacting RRM development. Table 28 gives example statements. 
 
Fuels “The strategy is around low CO2, that’s why we do all this stuff isn’t it?” 
Bioplastics “There’s a lot more talk around bio than is actually justified by the volume of product that goes 
into the market. Everybody’s interested in the subject [and] concerned about sustainability” 
Specialities “We would go to people [in 2000] and explain what we were planning to do and many would 
directly or indirectly say ‘why?’ But I think that has now changed.” 
Table 28. Example quotes on broader socio-economic landscape changes 
 
Sustainable consumption 
References to the influence of increased consumer engagement in sustainable consumption 
were almost only made by producers of speciality chemicals and bioplastics. Speciality 
chemicals producers and those currently occupying the bioplastics niche are the actor groups 
with most consumer contact, and are both dependent on trends in consumption patterns. The 
absence of similar statements from fuels producers reinforces the impression that biofuels are 
driven more by policy mandates than latent demand. A possible inference is that this change 
in consumer attitudes has not yet passed into the strategic perspectives of those further 
upstream such as bulk chemical and feedstock actor groups who are further from consumers 
as discussed in Chapter 4. Table 29 gives example statements. 
 
Specialities “In the last two or three years they just want everything biodegradable.” 
Specialities “We’re finding increasingly...that people are coming to us and asking about sustainable materials 
that we may be able to work with them to develop into products.” 
Bioplastics “There is interest in greener alternatives to the current plastics…We are in a unique position to 
capitalise on this.” 
Table 29. Example quotes on sustainable consumption-related landscape changes 
 
Industrial practices 
The influence of changing industrial practices was a classification that emerged strongly and 
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unanticipated from the coding process. The themes here centred on the observation by 
interviewees that the culture of the incumbent industry has changed in a way that provides 
opportunities for RRM. Bulk chemicals producers focused on the fact that corporate focus on 
environmental credentials has become highly influential. In addition it was also mentioned 
that industry is now more financially dynamic but less technically innovative and UK 
petrochemical production is struggling to compete. Table 30 gives example statements. 
 
Bulk Chemicals “6 or 7 years ago [we] had a very much more traditional view of the world.” 
Specialities “We need to consider the impact on the environment, probably more so now than we did a 
couple of years ago.” 
Specialities “We’ve seen a very dramatic shift in attitudes over the last 8 years. The established 
chemical industry which stood to lose...they’re much more likely to embrace it, because 
they see it as a solution for themselves.” 
Table 30. Example quotes on industrial-practice related landscape changes 
 
The overall picture suggests that landscape changes are acting unevenly on different actor 
groups. Thus, future developments of these external pressures will generate change more 
rapidly in some actor groups than others. These subtle dynamics are fundamental to 
understanding how actor strategies are defined and how rapidly they might change. 
 
5.3.2 Applications: Technology push vs. demand pull 
According to the categories described in Chapter 3, interview data relating to interviewees’ 
motives for pursuing a particular technology were coded as either demand pull or technology 
push66. In this section the importance of the two strategies for the different actor groups is 
discussed. Two other strategies are distinguished by the BREW Report on bio-based 
chemicals as playing key roles in the identification of commercial applications for RRM: 
► Direct substitution of a bulk petrochemical; 
► Functional competition of bio-based bulk chemicals with fossil-based ones (could be a 
proven product in a new application or a new product) (Patel et al., 2006:107). 
 
The idea of direct vs. functional substitution was introduced as a perceived determinant of 
actor strategy in the retrospective analysis – as indicated by counterfactual scenarios in 
Section 3.6.1. Lipinsky (1981) stressed the dual approaches of ‘direct’ and ‘indirect’ 
                                                 
66 These are widely-used concepts in studies of innovation: Technology Push indicates that the supply of new 
technologies from scientific advances is more important than adaptation to patterns of demand; Demand Pull 
suggests a greater role for unsatisfied markets yielding application-driven innovation (Coombs et al., 1987). 
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substitution for RRM over 25 years ago, and so better understanding of whether this choice is 
indeed reflected in real-world decisions has been sought at the level of explanatory coding. 
Although this section is structured according to the dominant Demand pull vs. Technology 
Push dynamics, links with Direct vs. Functional Substitution approaches are made clear.  
 
Interviewees were also asked to provide their opinions on how their own motives relate to the 
four strategies, but also the perceptions of the approaches of other actors. The results derive 
from both open interview questions and discussion of the scenario matrix sketch as a prompt. 
 
Actor Group: Bulk Chemical Producers 
Demand Pull 
► There is no evidence from the interview data that strategies are currently more pulled 
by perceived demand for RRM than pushed by research competences. E.g. “The idea 
that it’s market-led is not right for us. I don’t think that people that are involved in the 
development work are expecting it to play a role at all.” 
► All bulk chemical interviewees’ made the point that they are only really attracted by 
large-scale markets, but that RRM occupy only small niches so far. E.g. “We like 
niche markets with huge volumes.” 
► All interviewees referred to the changeability of public opinion and their reluctance to 
target the existing markets for bio-based chemicals. E.g. “If you’re relying on bio-
content as your marketing I’m not sure whether that is sustainable. That’s not an 
economic argument. That’s a customer perception argument.” 
► Biodegradability is not presently a concern: “I think renewable raw materials are 
more important than biodegradability. Biodegradability is just a niche property that 
some people are looking for in plastics.” However, a firm with a biodegradable 
polymer from petrochemicals saw growth potential in the area. 
► Bulk chemical producers agreed they were aiming for the same market segment they 
currently occupy, with cost and performance equivalence. E.g. “When you get down 
to the simple building blocks…it will be cost, because you reduce it to a commodity.” 
► Only one bulk chemical firm interviewed said that they were responding to demand 
for biofuels. This company already had petroleum refining interests, and this was 
leading their intentions towards ethanol for chemicals: “Our focus at the moment is 
biofuels, but quickly we’ll move on to the others. And there are many people who have 
technologies for converting ethanol into ethylene or into other products.” 
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Technology Push 
► All bulk chemical producers interviewed are investigating whether they can reach a 
specific monomer via RRM. This target molecule currently underpins a number of 
product streams for these firms. E.g. “The focus is on upstream…We only need to be 
able to make [the monomer], and we can make everything that we make.” 
► In most cases, these interviewees cited examples of their interest in RRM in relation 
to technological IP they already possess and would like to capitalise on. They 
promote the co-benefits of these technologies, including via lobbying. E.g. “[Other 
technologies] have all sorts of issues to do with very high capex, high energy costs, 
massive scale required to be economic...catalyst selectivity, catalyst yield, poisoning 
of the catalyst...The technology that we have lessens all of those problems”. 
► RRM in bulk chemicals is seen in a long-term context allied to potential sustainability 
criteria, giving firm strategies a sense of caution or insurance. E.g. “The motivation 
[was] the awareness that before too long the managers will be turning around and 
saying: ‘what have you got in the pipeline for 5 or 10 years time from now?’” 
 
Overall, bulk chemical producers have more interest in preparing for the eventual 
introduction of RRM into commodity markets on a cost-competitive basis. This is mostly at a 
laboratory stage and they are not considering supply chains for feedstock or sales. Partly, this 
relates to their preference for direct substitution. On the 2x2 scenario matrix, bulk chemical 
producers generally located their activities as being direct substitution. Mostly, these were 
considered to be ‘chemicals driven’ rather than ‘biofuels driven’. For two of the four 
interviewees, biofuels has directed their search for technologies in RRM. One is engaged in 
ethanol production technology, the other is collaborating with a biofuels producer on the use 
of lignin by-products. The scale of biofuels markets attracts bulk chemicals producers. 
Only one bulk chemical interviewee considered their activities to be in the area of functional 
substitution. They considered the firm to be pursuing direct substitution wherever it was 
economic to do so, but in the team tasked with researching RRM, one of the aims was not to 
cannibalise outlets for existing products, but to create new outlets for similar products with 
novel functionality or better environmental performance. 
 
Actor Group: Speciality Chemical Producers 
Demand Pull 
► There were nearly twice as many references to the importance of demand pull factors 
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as technology push amongst speciality chemical producers. 
► A range of demand pull reasons for engaging in RRM were cited as being present 
today. The most commonly cited was biodegradability, followed by lower toxicity, 
lower carbon, sustainability, and natural ingredients. E.g. “It’s very important that 
products are biodegradable and it’s becoming a bigger and bigger issue.” 
► Interviewees were agreed that this demand was generated from new consumer 
markets for products with ‘green’ credentials, and not from policy measures or 
corporate decisions: E.g. “Consumers in Europe are asking: ‘Are products that we 
use climate friendly? Environmentally friendly? Are they natural? Are they non-
polluting? Are they safe to use? Are they not based on petrochemicals?’” 
► The three smaller speciality chemicals firms were aware of the risk of relying on 
customer willingness to pay for a perception of sustainability. E.g. “I'm not sure that 
what people say to people with clipboards and what people say at the till is the same 
thing…[especially] in the face of harder times”; “The customer won’t ever have a 
product performing less well than the product they’re already using.” 
► Firms were very aware of the challenges of proving green credentials. E.g. “A 
biodegradable product is not necessarily a good thing...you don’t know what it’s 
going to biodegrade in to…you might want it to be persistent for a certain period.” 
► A number of problems with developing markets for RRM in speciality chemicals 
were alluded to by interviewees. E.g. “Sometimes in research you’re in danger trying 
to predict what the customer wants and making it so good, but actually the customer 
doesn’t need it to be so good”; “I’m sure [Government] won’t [help], certainly not 
for speciality chemicals. They probably view our industry as having enough money.”; 
“We started off somewhat naively with the automotive industry, thinking this was a 
great area then we realised that their horizons are so long and ours are so short that 
we really couldn’t do any useful collaboration.” 
 
Technology Push 
► Each firm stressed that they already worked extensively with RRM. E.g. “We didn’t 
have to do much except for let our customers know that we already are in that game.” 
► Several references were made to strategic decisions to investigate bio-based products 
that pre-empted demand for such products. These included the need to emulate 
competitors, the desire to make the safest possible formulations, and a desire to 
consolidate expertise in the area of white biotechnology. E.g. “There’s an industry 
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we’ve been working with where one of the major players...has now launched a green 
alternative and the panic that’s gone through the other players is quite enormous.” 
 
Overall, speciality chemical interviewees focus on new functionality rather than commodities 
and prefer responding to demand rather than creating it. One interviewee, for example stated 
that “developing a market for something that you've already spent money on developing is 
astonishingly difficult.” Direct substitution was recognised by two interviewees as being the 
strategy of larger chemical firms with whom they had contact, but noted that “it’s easier for 
companies that are specialised to come up with something that’s bio-based…we are not a 
commodity company.” Instead, speciality chemical producers all located their activities in the 
quadrant of the scenario matrix that represents chemicals-driven functional substitution. One 
interviewee said: “We’ve finally persuaded [our colleagues] that we’re not looking for 
replacement or equivalent performance, we’re looking for different properties” 
 
Actor Group: Governmental Organisations 
Demand Pull 
► Policy actors universally considered CO2 reduction to be a major demand factor in 
contrast to bulk and speciality chemical producers. E.g. “The key is to call them low-
carbon technologies, because climate change is the way to sell them.” 
► Interviewees echoed bulk chemical firms’ concerns that public acceptance is not yet 
assured and demand still needs to be proven. E.g. “It’s difficult to know how large the 
market share for bio-based products actually is”; “Due to the direction of the public 
debate, bio-based products have become tainted with muddied waters from biofuels.” 
► Two interviewees expressed a perception that latent demand could be stimulated by 
providing reliable information, and that technology supply would be ready. E.g. 
“They didn’t even have any idea that chemicals came from petroleum…It’s an 
unknown in the public perception, that’s a barrier”; “To stimulate the demand side, 
the first thing that we probably need to do is to establish new industry standards.” 
 
Technology Push 
► A number of observations emerged from the coding and classification regarding 
governmental actors’ thoughts on how the technology agenda is being pushed. Those 
on RRM in civil service positions appear to be confident that bio-based products 
should be pursued on the basis of their superior environmental performance. E.g. 
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“Green chemistry can offer better products, new functionality and generate technical 
improvements”; “Biorefineries of the future really will be as sustainable as possible: 
minimising waste; minimising energy consumption.” 
► Policy sphere informants almost exclusively referred to biotechnology as the enabling 
technology to be supported. E.g. “[We’re] bringing all together that capability in 
green, white and blue biotech…so we could finally get some innovation.” 
► A common view amongst policy interviewees was that bio-based products provide a 
new outlet for agriculture and forestry industries. E.g. “Non-food crops were seen as 
some way of getting the economics of the farm right.” 
 
The governmental actor group did not make any clear statements about whether they 
considered that direct or functional substitution would be a successful strategy. 
 
Actor Groups: Outsiders to the Organic Chemicals Regime 
Demand Pull 
► Like speciality chemical firms, bioplastics producers consider their activities to be 
pulled by consumer demand in certain niches, such as food packaging, insulation and 
bin liners. E.g. “For the UK, because of the pressure on packaging, in particular from 
the media, that’s been a big thing. The retailers are very very dynamic in the UK”; 
“We are pulled by the customer rather than pushing products out there.” 
► Demand for bioplastics is generally considered to relate to new properties such as 
biodegradability (emphasised by all four interviewees), compostability, tactility, and 
the marketing benefit of ‘natural’ materials. E.g. “The demand for either recyclable 
or more biodegradable film is there”; “If you’re an organic producer, the idea of 
natural food in natural packaging is close to a no brainer.” 
► In contrast to policy makers, CO2 benefits did not feature amongst the demand drivers 
for bioplastics producers, who recognised the dangers of not being transparent about 
environmental performance. E.g. “One or two of our customers have started to say 
they’re going to make their selection based on the carbon footprint. Well, that means 
they’ll stay with polypropylene again because it won’t allow biomaterials to move 
forward to that level of efficiency”; “If you try and slip something in under the radar, 
someone’s going to find out and you’re going to get such a kicking it’ll destroy you.” 
► No technology developers were convinced of whether people would really pay a 
premium for these functionalities, possibly because they are generally not targeting 
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niche markets. E.g. “I think the whole area is suffering myth, hype, frankly sometimes 
nonsense”; “People will sometimes pay a premium price for a bio-based product, but 
by and large they want it to be at least as cheap as what they’re already buying.” 
► Amongst potential feedstock suppliers the references to demand effects were limited 
to awareness that they did not understand the market at the other end of the value 
chain. E.g. “We don’t know the full extent of the end-users decision processes…If we 
did we’d have a better handle on the prices they should be offering farmers.” 
► No interviewees in the fuels regime were developing products for niche bio-based 
product markets. Chemical use of glycerol by-product was the most often mentioned 
market by fuels actors. E.g. “There’s a terrific market for pharmaceutical glycerol in 
the United States…The glycerol that’s recovered on Teesside goes to the States.” 
 
Technology Push 
► Interviewees active in fuels, feedstock production or technology transfer largely 
agreed that the drivers for technology development were a need to locate the best 
molecules for scale-up and a need to fit with existing infrastructure or industrial 
partners. E.g. “We believe you should do far more ‘pre’-work, select the proper 
molecule, and then start scaling up”; “If you were Shell or BP, why on earth would 
you invest in the biological processes, when all your expertise and knowledge is 
based on chemical knowledge?”; “If you’ve got something that fits with the existing 
infrastructure and you can use the piping, the electricity, the steam, then you’ve got a 
much better chance of being able to be successful”; “We can’t let things be market 
driven, and this is where biofuels is and it’s going to kill bioprocessing” 
► Bioplastics producers all recognised that expertise that was already in the organisation 
had directed technological change. Several revealing comments were made about the 
challenges of market creation. E.g. “We’ve been working on [bioplastics for 
sunglasses] for 3 or 4 years now and we’ve got a customer just about to go to 
market.”; “We bought the intellectual property relating to a similar biopolymer to 
consolidate IP and prevent other firms entering the area.” 
► Amongst actors who are making feedstock choices for either biofuels or bio-based 
chemicals, seven interviewees made unprompted reference to self-imposed criteria 
they are using to guide their research, including: CO2 reduction, restriction to non-
food crops, no-GM, and pursuit of a flexible technology base that will not leave them 
stranded if demand for a particular product shrinks. 
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► The threat of high oil prices was only cited as a technology push factor by the smallest 
biopolymer user interviewed: “50% of our sales price is raw materials, and we’ve 
had a 20% raw materials increase, therefore we need to pass 10% on just to stay 
still...We need to step away from oil dependent input drivers.” 
 
Conclusions 
Through coding and classification of the interview data gathered on actor strategies relating 
to technology development, several dynamics can be inferred. Whilst these cannot be 
considered conclusive statements about how organisations are targeting research and 
commercialisation of bio-based products, the trends in Table 31 are distinct and consistent. 
 
Theme Bulk Chemical Producers Speciality Chemical Producers 
Guided by customer 
demand 
► Not yet (expect ‘renewable’ to 
acquire value in future) 
► Yes (biodegradability> lower-toxicity> 
CO2 > ‘sustainability’> natural 
ingredients> renewable) 
Importance of RRM to 
current operations 
► Insignificant ► Significant 
Research horizon ► Longer-term ► Near-term for product change; 
► Longer-term for feedstock change 
Scale of markets of interest  ► Large-scale, basic chemicals ► Niche- to Medium-scale 
Affected by biofuels 
developments 
► Yes ► Not significantly 
Type of substitution 
preferred 
► Direct (or functional if it can 
be slotted into existing 
infrastructure) 
► Functional 
Guided by existing 
technical expertise in non-
RRM areas 
► Yes (technological know-
how) 
► Yes (experience with biomass feedstocks) 
Opinion of permanence of 
demand for bio-based 
products 
► Dismissive (looking for cost 
and performance equivalence) 
► Confident about most existing niches, but 
cautious about market expansion for ‘bio-
based’ labels. 
Table 31. Distinctions between the motives behind RRM activities for bulk and speciality chemical firms 
 
From Table 31 it can be concluded that within the organic chemicals regime there are two 
groups with different outlooks on RRM. Speciality producers have knowledge and 
experience of biomass processing, but are not focused on commodity or platform chemicals. 
They are reluctant to base decisions on government policies on sustainable technologies and 
are seeking to expand markets for chemical products into new functional areas. Bulk chemical 
producers are more interested in small monomers that can be fitted into their existing 
practices. Whilst they are devoting research resources to looking at the options in these areas, 
this is a long-term approach and they are not interested in niche markets. However, they are 
more likely to apply their chemical processing knowledge to biofuels and biofuels by-
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products as the scale of these markets is familiar. 
 
Policymakers active in the area of RRM for chemical products have perspectives that do not 
exactly fit either of the above actor groups. They appear to believe in the power of consumer 
demand but are more interested in fitting this with the climate change agenda, which is not a 
feature that either bulk or speciality producers are specifically relying on. The ambition of 
government organisations appears to aim at larger scales than those of speciality producers 
but shorter-term than those of bulk producers. Beliefs that demand for RRM in commodity 
chemicals can be stimulated via provision of information may not be well-founded in the 
near-term, as regime insiders are not disposed towards engagement in niche markets. 
 
Bioplastics producers are currently outside the main organic chemicals regime, but their 
outlook is closely aligned with those of policy sphere actors. They are working in niche 
applications within commodity markets and are pulled by changes in demand. Nevertheless, 
for them to be able to benefit from increased demand for more sustainable polymers there is 
an indication that the market would need to focus more on biodegradability and waste 
reduction than CO2. 
 
Potential feedstock suppliers interviewed are generally aligned with bulk chemicals producers 
rather than specialities, as they are familiar with large-scale commodity markets. To date they 
have not interacted with bulk chemicals producers about RRM, but are independently 
developing supply chains for biomass power and biofuels. Technology developers have a 
clear ‘technology push’ stance and are aiming for cost and performance competitiveness. 
 
Amongst both technology developers and those in the fuels regime there appears to be a well-
informed belief that second generation biofuels technologies will push the introduction of 
RRM in organic chemicals, and that they are targeting their research accordingly. Thus, 
advances related to lignocellulosic ethanol and other advanced fuel molecules could present a 
potentially disruptive technology from outside the regime if they provide low-cost routes to 
monomers that can be easily adopted by bulk chemical producers. Biotechnology was the 
most cited area of technology push dynamics for technology transfer between the regimes, 
whilst demand-pull arguments were presented for thermochemical routes providing syngas. 
 
Taken as a whole, these results endorse recent findings by Nemet (2009), that suggest that 
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‘demand pull’ factors are not the only drivers of technological change and that policy 
measures that focus solely on market pressures may not be the most effective. 
 
5.3.3 Strategic alliances: Actor networks 
The retrospective analysis (Chapter 4) suggested two important aspects of strategic alliances: 
Firstly, corporate partnerships entered into to acquire knowledge from another regime can 
lead to innovations that transform both regimes. Secondly, partnerships involving major 
players in a regime can either retard or radically stimulate change to a new technology, 
depending on the resources and outlook of the organisations. As a result, outsiders with the 
capability to innovate and introduce a radical technology can be stopped from entering the 
regime, or, if other factors are aligned, can link up with a very fast route to widespread 
diffusion and transition. The aspirations of outsiders in the pulp and paper industry are 
typified by Lindström (2008): 
“The pulp and paper industry will benefit from being based on a sustainable raw 
material source. Technology development will make the pulp and paper industry 
widen its product scope, to also include products today made from oil and coal, while 
at the same time significantly decrease its production costs.” 
However, the experience of those with petroleum chemistry knowledge in the 1930s suggests 
that success will depend on the strategic actions of others in the existing regime. 
 
Two methods were used to explore interviewees’ expectations about strategic alliances and 
new actors entering the regimes. Statements identified in the interview transcripts as relating 
to Partnering Downstream, Partnering Upstream, Partnering Horizontally, or Waiting before 
Partnering were coded accordingly. Also, interviewees were explicitly asked with which 
organisations they have had contact in specific sectors associated with the regimes or with 
RRM. Three levels of contact were offered: Existing relationship (not about RRM); Spoken 
to about RRM; Partnership or collaboration on RRM. UK-based partnerships were then 
further highlighted. Two questions were addressed: 
► What links exist between actors and how might they shape the direction of change? 
► Which organisations are expected to play a role in spurring/stalling change? 
 
Figure 39 is a representation of the relationships between actor groups. The fuels regime has 
been disaggregated to distinguish between actors whose primary business is biofuels and 
those in the business of refining and marketing petroleum products. The organic chemicals 
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regime is split between those whose primary business is in bulk and speciality products. The 
diagram shows the role played by facilitating organisations such as industry organisations and 
government initiatives in linking the regimes. Initiatives like the NNFCC and IBIGT bring 
actors together on the issue of RRM, but their different agendas create different linkages. 
 
 
Figure 39. Actor map generated from interview data 
 
Three notable clusters can be discerned from the interview results. Firstly, on the left of the 
diagram the existing petroleum/bulk chemical complex is linked through its activities in 
RRM by independent biotechnology actors and those working on chemical technologies such 
as catalysis. They are also linked by a common interest in biofuels technologies. Secondly, on 
the right of the diagram it appears that many of the potential newcomers to the regimes, who 
are currently outsiders active in the agriculture, food and related industries, are forging links 
with speciality chemicals producers and biofuels producers. This is reinforced by contact 
with the NNFCC and Defra. Interestingly, bioplastics producers are at the edge of the 
diagram with few links to companies active in petrochemical monomers and polymers67. 
 
The third group is those organisations that have most links between the regime actor groups. 
Two groups were widely cited in this regard: biotechnology firms and technology transfer 
                                                 
67 One exception is a bulk chemical firm in European Bioplastics, but for a biodegradable petrochemical plastic. 
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organisations. All of the actor groups in the regime have links with biotechnology firms 
working in the area of RRM. Also, many different sectors have strong links to organisations 
active in technology transfer at a regional level, such as NEPIC, as they specifically seek to 
facilitate integration of the process industries, including bio-based chemicals and fuels.  
 
Interview data was coded for interviewees perceptions of which outsider actor groups might 
become new entrants to the regime. It was found that these statements were made most 
frequently by those in government organisations, technology development, feedstock 
production, or speciality chemicals production. Of this sub-group of ten interviewees, four 
mentioned that they expected RRM and biorefining to be pioneered by newcomers but did 
not say who this was likely to be. Examples of quotes include two from technology 
developers: “a lot of the [large chemical companies] don’t really see, or even make enough 
cash, to want to reinvest in a large capital investment to put new technology on the ground. 
Somebody new is probably going to have to do that. Let’s face it; the airlines were not 
created by train companies”; “The investors are not going to be the chemical industry, it’s 
going to be the industrial biotechnology companies, because they don’t have the existing 
infrastructure and because they’re applying their own expertise.”  
 
In order of the number of mentions of specific outsider actor groups, agri-businesses were 
considered to be best placed to enter the regime, followed by biotechnology companies, small 
speciality chemical firms, forestry actors and water firms. Although, as noted above, 
technology developers were sceptical about the leadership of the large chemical companies, 
one policy actor expressed faith in the independent capacity of large agricultural companies: 
“If you’re large enough and you’ve sufficient interest and you want to develop it, you can 
develop [biorefining] on your own.” 
 
To appraise these opinions against reality, Table 32 gives the results of a global literature 
survey of recent announcements of industrial partnerships and joint ventures. This supports 
evidence from the interviews that linkages are being formed between biotechnology actors 
and incumbent liquid fuels and organic chemicals firms. A noticeable feature of Table 32 is 
the high levels of involvement of biomass feedstock actors in upstream sectors, which was 
not fully anticipated by the interview data. These are mostly large multinationals apparently 
seeking valuable new technological outlets for materials such as sugar, starch and wood. 
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Table 32. Published commercial partnerships on RRM and biofuels from 2004 to April 2009 
 
The picture that emerges from these results is of new linkages being formed by regime actors 
with outsiders in biomass raw materials sectors. Existing linkages between bulk chemicals 
and petroleum fuels are present in RRM, but are outnumbered by partnerships with the 
agricultural, forestry and food sectors. Bioplastics producers appear to be making less of an 
impact on the incumbent regime structure, choosing instead to partner with feedstock 
suppliers rather than those active in the existing plastics value chains. However, they are 
drawn into the regime structures through participation in industrial organisations and 
government initiatives. Amongst these, regional technology initiatives appear to be advancing 
integration, whilst others are forming sub-groups involving niche/speciality products, or bulk 
chemical/ biofuel technologies. These actor networks have the potential to produce diverging 
path dependent technological trajectories. An example relating to bulk chemical and 
advanced biofuel technologies is the engagement of a limited number of biotechnology firms 
with actors in both regimes, which could potentially steer them in a common direction. This 
has parallels with the strategic alliances from the historical period, as listed in Section 4.4.5, 
in which change was directed by partnerships between feedstock owners, technology 
providers and product innovators. 
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5.3.4 Co-evolution: Biofuels drive change vs. Chemicals drive change 
Work on the historical transition to petroleum feedstocks in the UK was found to support the 
hypothesis that regime-regime co-evolution had been influential. The causal loops developed 
from the historical narrative in Chapter 4 show that when petroleum-based technologies 
began to seriously challenge coal in both regimes it was liquid fuels that led the change. The 
infrastructure for processing petroleum was more established, and the market was already 
much larger and more lucrative in aggregate. The main companies in the two regimes were 
not, however, much different in size. These factors may play a role in the manner in which 
RRM become accepted in the two regimes, although technical differences between biomass 
and petroleum may alter the role of regime-regime co-evolution. Key differences between 
biomass and petroleum include: 
► Production: The biomass resource is diffuse, seasonal and the harvests can be 
vulnerable to unexpected climatic changes. 
► Diversity: The diversity of biomass resources, from oilseeds to wood, means that the 
commodification of biomass cannot be achieved as easily as with petroleum. 
Different biomass resources are more suitable for different types of processing. 
► Fractionation: Unlike oil distillation, biomass pre-treatment does not deliver a range 
of separable fractions with different properties. With the exception of lignin, which is 
difficult to process, and specialities such as proteins, biomass fractions tend to be 
equally suitable for liquid fuel or chemicals production in the order. 
 
Nevertheless, there is little doubt that developments in biofuels have already impacted on the 
expectations for bio-based chemicals. The extent to which observed co-evolutionary 
dynamics can be extended from the petrochemicals sphere to RRM will be dependent on 
technical characteristics and institutional priorities. 
 
Two methods were used to explore interviewees’ expectations about regime-regime co-
evolution. Statements identified in the interview transcripts as relating to the influence of one 
regime on another were coded accordingly. Also, the results in this section derive from 
discussion of the scenario matrix sketch, which included ‘chemicals drive change’ and 
‘biofuels drive change’ as opposing uncertainties on one axis (See Section 3.6). 
 
Exploring interviewees’ thoughts on this subject aims to uncover common expectations that 
have the potential to become self-fulfilling. The insistence of ICI and DuPont that chemical 
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manufacture should be a separate industry from liquid fuels altered the shape of the historical 
transition. In current discussions an example is the assertion by a DuPont executive that if 
cellulosic ethanol fails to be commercialised, industrial biotechnology will also fail68. The 
contrast between DuPont’s resistance of technological cross-fertilisation in the historical 
period and their recent strong engagement in biofuels developments indicates that the timing 
of these co-evolutionary dynamics may be altered in any prospective technological changes. 
 
Statements coded in the dominant category of ‘co-evolution’ were then coded as either 
inferring that change was being ‘biofuels driven’ or ‘chemicals driven’. Statements indicating 
biofuels driven strategies or stimuli have been grouped during analysis into seven 
classifications, represented in Figure 40. This indicates the popular perceptions of 
interviewees in aggregate (height of column), between actor groups (sizes of coloured bands), 
and within actor groups (segments within coloured bands). With regard to the latter, where a 
band is dominated by one segment then it shows that the strength of opinion of one 
interviewee is greater than others in the same actor group and therefore cannot be taken as 
representative. Figure 7 shoes the equivalent results for chemicals driven strategies or stimuli. 
 
There are a number of clear contrasts between the two charts. Biofuels are considered by all 
actor groups to be a greater motivation for technological investigation and investment, and 
also a source of by-products and spin-offs that have the potential to link the regimes. These 
beliefs have both a pragmatic acknowledgement of the greater scale of recent activity in 
biofuels, and an indication of the way in which actors might be formulating strategy in this 
technical area. 
 
                                                 
68 This opinion was voiced at a 2008 OECD roundtable on Industrial Biotechnology and is not official. It refers 
to the size of the potential supply chains, cost effectiveness in feedstock markets, and the research focus 
presently provided by biofuels – similar factors to those that assisted petrochemicals. 
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Figure 40. Interviewees' responses to theme of 'biofuels driven co-evolution' 
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Figure 41. Interviewees' responses to theme of 'chemicals driven co-evolution'
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Although bulk chemicals producers indicated that biofuels by-products represent an 
opportunity for bio-based chemicals, it is noticeable that bioplastics producers have a 
low level of engagement with biofuels developments, whilst speciality chemicals firms 
are more aware of biofuels influence on technological change. 
 
The five right-hand columns of each chart indicate the motives for looking at RRM – or 
not – within each regime. Landscape factors and incentives from within the regime are 
more prominent drivers for bio-based chemicals, compared to drivers from outside the 
regime for biofuels. Stated landscape pressures primarily included the influence of oil 
prices and sustainability concerns, such as carbon balances – not mentioned for 
biofuels. Incentives within the regime that are considered to be driving interest in bio-
based chemical include the potential high value molecules that can be accessed from 
biomass sources, and value chain pressures to market greener products. Incentives from 
outside the regime that are considered to be driving interest in biofuels are legislative 
policies that have not arisen from within the fuels regime or the external landscape, but 
have been imposed in line with activities in other sectors. Such policy impacts were not 
mentioned as motivating bio-based chemicals. 
 
Statements indicating factors that resist the introduction of biofuels mostly related to 
issues outside the existing fuels regime itself. The dominant theme was resource 
competition from food and other uses of biomass. Each of the interviewees from 
speciality chemical firms mentioned this antagonism, including the influence of biofuels 
policies on raw materials prices for oleochemicals users and the incompatibility of 
bioplastics with existing recycling schemes. There was little indication that interviewees 
perceived resistance to biofuels from within the regime. In contrast, regime actors in 
organic chemicals were cited by a number of actor groups as resistant to biochemicals; 
for example, due to a lack of an evident market for bulk chemicals from biomass and a 
lack of awareness for non-speciality applications. 
 
In conclusion, expectations in both regimes appear to be for co-evolutionary dynamics 
driven by biofuels developments. This has implications for how regime actors, policy-
makers and outsiders approach biorefinery developments. However, the data also 
provides some more subtle information about how interactions between the regimes. 
One bulk chemical producer elaborated on their contact regarding biofuels by-products: 
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“Biofuels producers are very difficult to work with because they’re trying as 
hard as they possibly can to get value out of by-products but they have no real 
understanding of where the value is... We have a vested interest in getting it as 
cheap as we can; they have a vested interest in getting it as expensive as they 
can; but they think they’re selling ‘green’ and they think there’s a lot of value in 
‘green’ but there’s not…[They] say: ‘we’ve got this by-product, use it.’ And we 
say: ‘yes, but we want to find new functionality and derivatise it. We want to 
make it more pure or find something to do with it to make it more valuable.’ 
There’s an impatience on their part.” 
Although there is a belief that the two regimes will co-evolve towards RRM on the basis 
of biorefinery by-products, there is presently a discord with regard to the strength and 
timing of the drivers. In parallel, there are perceptions in industry and government of 
opportunities for production of speciality chemicals that valorise the inherent 
functionality in biomass. This represents an alternate pathway away from technological 
convergence in the near-term. 
 
5.3.5 Dominant designs: Platform chemicals and intermediates 
Insights from the retrospective analysis and from the literature review indicate that 
transitions are able to gain momentum once actors begin to form a consensus on the 
basic attributes of the new technology. The technologies of converting petroleum to 
organic chemical products became aligned around two dominant areas of research: fluid 
catalytic cracking (and later steam cracking); and platform chemical building blocks 
based on aliphatic monomers. The first of these arose in the liquid fuels regime. The 
latter arose from work, mainly on polymers and solvents, in the organic chemicals 
regime. The development of causal loops highlights the important role for dominant 
designs to facilitate and accelerate transitions. Likewise, uncertainty about chemical 
feedstocks can hinder change, as in the UK in the 1930s. 
 
The fact that new research heuristics based on dominant designs can guide the search 
for new technologies in a particular direction provides the rationale for investigating 
interviewees’ perceptions of future technological norms. Within the coding category of 
‘dominant designs’, statements were coded in two areas: intermediates; and feedstocks. 
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This section considers intermediates, including potential platform chemicals and 
fungible commodities69. 
 
Figure 42 lists the basic chemicals that were referred to by interviewees during the 
interviews as being accessible from RRM. A clear preference amongst all actor groups 
is shown for ethanol/ethylene (C2) and glycerol (C3). Interest in these molecules was 
cited as arising from their relationship to biofuels production. Ethanol is a liquid fuel 
and therefore its chemical use is in competition with its fuel use. There is interest in 
producing ethylene directly from biomass, but bio- ethylene is currently produced from 
ethanol in fuel-producing regions such as Brazil. As a biodiesel by-product glycerol 
offers potential symbiosis between the regimes. 
 
 
Figure 42. Interviewees’ references to specific platform chemicals 
 
Amongst the potential platform chemicals that are not currently produced in commodity 
volumes, lactic acid and succinic acid were mentioned by multiple actor groups. There 
is also evident interest in producing aromatic building blocks from biomass, but this is 
                                                 
69 Fungible commodities are basic products that can be standardised and traded competitively. 
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apparently not as high on the radar of government, feedstock or fuels organisations. 
 
Table 33 lists fungible commodities that might be traded between different biorefining 
stages. These were mostly cited by interviewees active in technologies for liquid fuels 
and echo the tradability, stability and transportability of petroleum products. The scale 
of the fuels industry indicates that the objective of superseding bioethanol and biodiesel 
with more stable liquids, such as bio-derived hydrocarbon diesel or DME, could have an 
influence on the technological trajectory. The dominant design that ultimately becomes 
most widely traded will inevitably have a major impact on the availability and cost of 
different feedstocks for new chemical and fuel technologies. Table 33 illustrates 
uncertainty due to competing priorities such as: compatibility with current systems, 
ability to meet today’s mandates, or GHG balance. 
 
Fungible 
Commodity 
Actor Group Quote 
Hydrocarbon 
Diesel 
Technology 
Developer 
“A better target than gasoline due to the import/export balance” 
Bio-oil 
(Pyrolysis Oil) 
Technology 
Developer & Fuels 
 “Might be easier to pump things in as there’s less exposure to 
atmosphere.” 
DME Fuels “Might be the best, cost-efficient, energy-efficient, conversion.” 
Naphtha Fuels “The buyer doesn’t have to be local because you could trade it.” 
Ethanol 
Vegetable oil 
Fuels “I think the big traded commodities are ethanol and the oils – 
vegetable oils and palm oil.” 
Synthetic 
Natural Gas & 
Syngas 
Fuels & 
Governmental 
Organisation 
“We actually have a syngas pipe system to move it between 
plant…it would be possible to produce a syngas and plug it into 
that system.” 
Cellulose Governmental 
Organisation & 
Bioplastics 
“Separate the lignin and the cellulose and you transport 
that...don’t have to worry about different lignin and cellulose 
content.” 
Lignin Bulk Chemicals & 
Specialities 
“You’ve got the potential to make special products out of it.” 
Table 33. Fungible chemical commodities from biomass refereced by interviewees70 
 
Table 34 complements the results on platform chemicals and fungible commodities with 
an overview of the markets towards which technologies are being directed. Bio-based 
plastics are well-represented, especially for use in food packaging applications. Resins 
for replacement of phenolic resins, polyurethanes, solvents and lubricants were also 
                                                 
70 No interviewees suggested an increased trade in sugars – a current bioethanol feedstock for which a 
market already exists. The reasons are that the current market is imperfect (“the European quota system 
and the American quota system is one big nightmare to figure out which is the sugar price”) and that 
sugar will be refined locally and the products traded (“where you’ve got the resource, that’s where you 
make the biofuel. In Brazil they make it in Brazil”), according to a technology developer and fuels 
producer respectively. 
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mentioned as interesting potential markets. In each of these product areas 
petrochemicals are criticised on environmental and/or safety grounds, but not 
greenhouse gas emissions. 
 
In conclusion, these results shed light on the emergence of dominant designs in RRM. 
Five years ago the US Department of Energy (2004) published a list of ‘Top value 
added chemicals from biomass’, which has been frequently referenced as a list of future 
platform chemicals, for example by Van Beilen (2008). Of these, however, only 
glycerol, succinic acid, sorbitol, levulinic acid and syngas were mentioned by 
interviewees. Thus, some chemicals are gaining a head-start due to investments and 
public statements of intent by major companies. 
 
Despite some trends in each area, there are no leading value chains from bulk feedstock 
commodities, to platform chemical candidates and final products. One government 
interviewee said: “I think some people are looking for us to say: ‘right, let’s go for this 
platform chemical’. And I’m not sure we’re going to be in a position to be able to say 
that. That would be a hell of a lead.” 
 
Three strands, however, do suggest themselves: 
1. Hydrocarbon oils → syngas → olefins & derivatives (polyolefins, glycols) 
o Supported by: Fuels and bulk chemicals firms 
2. Cellulose and lignin → lactic/succinic acid → biodegradable polymers and 
specialities 
o Supported by: Bulk chemicals and speciality chemicals firms. 
3. Vegetable oils → biodiesel and glycerol → specialities, lubricants, etc. 
o Supported by: Fuels and speciality chemicals firms. 
 
The views of technology developers were consistent with a desire to design and perfect 
whole systems that achieve high performance against a wider range of criteria than 
those motivating regime insiders. As a result they are pursuing advanced chemical- bio-
technologies that cut across the chains summarised here, potentially limiting positive 
feedback dynamics. Feedstock users and policymakers did not reveal strong opinions 
about dominant chains, although the latter indicated a slight partiality for 
biotechnologies and oilseed feedstocks. 
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Product End Market Example Chemical Quotes and comments 
Poly(lactic Acid) 
Poly(butylene succinate) 
Poly(hydroxyalkanoate) 
“The market seems to be dominated by trying to make PLA one way or another”; 
“Natural food in natural packaging is close to a no brainer”; “you have got 
latent demand there”; “could be your evolution step” 
Polyethylene Could mix bio- and petrochemicals:“That would be very attractive” 
Packaging, films, banners, 
Flower pots, mulching 
film, disposable 
kitchenware 
Automotive plastic 
Polypropylene “Polypropylene totally rules the waves [in packaging]”; “If you replace the 
polypropylene in a car with PLA it increases the life cycle emissions” 
Bottles Poly(ethylene terephthalate) or 
substitutes 
“We’d go much quicker towards a bio-based packaging economy for rigids than 
we ever could for film” 
Polytrimethylene terephthalate 
Synthetic fibre 
Polyamides 
“We can have multiple streams of me-too products, such as polyamides”; 
Synthetic fibres are good markets for oilseed derivatives. 
Glass sheets, medical Poly(methyl methacrylate) “We only need to be able to make MMA, and we can make everything” 
Bioplastic/ 
Plastic 
PVC-substitutes 
Methylene diphenyl diisocyanate & 
Polyurethanes 
Resin 
Insulation, construction, 
laminate coatings, 
adhesives 
Furan Resins 
Identified areas of research interest in the chemical industry; “We’re looking at 
stuff that can have potential application for MDI, which is the chemical we 
sell…We don’t say we’re going to invent a new drug based on MDI, because 
that’s way outside our heartland, but new materials that could be built from the 
isocyanate base.” 
Organic acids Food, Nutraceuticals, 
Pharmaceuticals 
Lactic acid “You could produce biopharmaceuticals with the help of building blocks that 
come from renewable raw material” 
Propylene- & Ethylene- Glycol 
Tetrahydrofuran & Poly(THF) 
Solvents, specialities, 
plasticisers, cosmetics, 
elastomers Levulinic Acid Ester 
“Quite happy to use bio-based solvents”; “We can use oxygenates…but we ain’t 
tried yet because we haven’t had them in large volumes” 
Oxygenates & 
derivatives 
Petroleum processing Furfural “You can do stuff with furfural but it isn’t a very big market” 
Lubricants Oilseed derivatives Oils 
Surfactants Oleochemicals 
“Biopolymers & biolubricants [are] 2 areas that look a little mature”; 
“Oleochemicals industry has always used renewable raw materials” 
Table 34. Product areas and chemicals highlighted by interviewees for use of RRM 
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5.3.6 Dominant Designs: Future Feedstocks 
The nature of the target feedstock has the potential to determine the direction of 
research into new processes, products and applications. Figure 43 and Figure 44 give an 
indication of interviewees’ expectations about renewable feedstocks for organic 
chemicals and fuels. The results show that most actor groups expect lignocellulosic 
woody biomass to be a major future feedstock. Currently, there are no products from 
this resource produced in the two regimes, although four interviewees are involved in 
using forestry products for electricity generation or cellulosic bioplastics. Forestry 
products and energy crops, including miscanthus and short rotation coppice, were the 
most commonly cited sources. Expansion of production of these resources for UK 
biorefining is considered feasible (ADAS, 2008). 
 
 
Figure 43. RRM feedstock groups mentioned by interviewees, showing breakdown by actor group 
 
The most common reasoning behind support for lignocellulosic feedstocks amongst 
interviewees was the avoidance of conflict with global food production and the potential 
scale of the recoverable resource worldwide. This was of particular appeal to those 
looking at fuel and bulk chemical uses, for which large-scale production is more 
important. For bulk chemicals firms, avoiding competition with food crops is a strategy 
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partly based on marketing judgements rather than real concern over direct social 
impacts. For example: 
► “I think this whole issue of food vs. fuel has waned a little bit, but I imagine that 
it could increase again.” (2nd largest chemicals firm interviewed) 
► “I don’t think today that food competition for these things is real, but I think in 
the future it will come.” (3rd largest chemicals firm interviewed) 
► “Whichever way around the public brands it, if there is a big positive or 
negative emotional attachment to biofuels then I’m sure that would just be 
transferred to bioplastics.” (4th largest chemicals firm interviewed) 
► “A number of brand owners have got specifically a non-food crop policy…I 
think that’s wrong because it’s over-simplistic” (Largest bioplastics firm 
interviewed) 
 
 
Figure 44. RRM feedstock groups mentioned by interviewees, with breakdown by specific feedstock 
 
Figure 43 indicates that speciality chemicals firms have a slightly different focus with 
regard to feedstocks. Each of the speciality chemical firms interviewed already has at 
least one product developed from a vegetable oil raw material. The reasons given for 
their companies’ use of natural oleochemicals related to their technical advantages over 
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petrochemicals, the complementary scales of the markets for oilseeds and chemical 
specialities, and the ease of modification of molecular properties. Although one firm 
interviewed does contract for rapeseed cultivated in the UK, it is a specific variety high 
in erucic acid that not suitable for biodiesel. The same firm imports other vegetable oils 
and in general the importation of feedstock from overseas was considered an acceptable 
future strategy. 
 
Figure 43 shows that governmental organisations mostly indicated support for 
lignocellulosic and waste feedstocks. These resources are seen as having the most 
positive interactions with other policy areas, such as waste policy and agricultural 
policy. This puts policy bodies potentially more in tune with the interests of bulk 
chemicals and fuels producers than speciality chemicals. The exception to this is in the 
area of lignin, which is specifically referenced as an interesting avenue of research by 
both bulk and speciality producers as an interesting by-product of biofuels production 
from lignocellulose. 
 
With regard to the production of renewable feedstocks for biorefining in the UK, cereals 
– mainly wheat and associated straws and straw waxes – and organic waste were 
considered the most promising resources, with energy crops being a longer-term 
possibility. The influences of EU agricultural policy reviews and UK renewable energy 
policies were considered crucial to the outcomes. UK biomass feedstock users and 
suppliers who were interviewed were mainly in the food, agriculture and bioenergy 
sectors and all had concerns about the ability to supply large-scale industry with 
indigenous RRM. However, these interviewees considered there to be potential in their 
areas to expand production – especially of energy crops and wheat – and, perhaps more 
importantly, to develop higher value alternatives to current product streams. Indeed, one 
interviewer with existing interests in sugar beet expected the company to diversify 
further into new feedstock areas, such as wheat, in order to apply their technologies to 
fuels and chemicals production. Comments from those in the biomass production 
sectors included: 
► “The UK is very good at growing wheat, we’ve got a surplus of wheat in the 
country” 
► “The oil industry produces oil from the North Sea, where there’s many many 
hundreds of feet of water between the sand and the air, and in Saudi Arabia 
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where there’s no water between the sand and the air…but both make money. 
That’s the analogy you’ve got to assume with biofuels as well” 
►  “Many of the end-users, no matter how many times you told them, had no 
comprehension of the kind of lead time that’s required to produce biomass. They 
are so used to turning a tap for oil or gas.” 
► “To approach a farmer and say ‘I’m now going to introduce you to a crop 
where you’re going to get a return for 15-20 years, but in the first 2-3 years 
you’re not going to get anything’..., that’s your biggest problem...it’s a massive 
leap of faith.” 
 
These comments indicate that those already working with bioenergy and biofuels 
feedstocks recognise limits to UK production and see constraints to a rapid expansion of 
energy crops. The outcome of these discussions with biomass producers was that policy 
commitment will be vital to securing consistency of supply at larger-scales in the UK. 
Consistency of supply was considered to be of paramount importance by all firms 
currently operating in the two regimes, especially if RRM are to compete with 
petrochemicals. Concerns about consistency of supply were complemented in a number 
of interviews by a lack of pressing concern about petroleum availability. For example: 
► “There's always going to be petrochemicals, at a price” (2nd largest speciality 
chemicals firm interviewed) 
► “There’s always going to be some petroleum, or some oil or gas in the world, 
we’re never going to exhaust it, it’ll just get more expensive” (UK government 
interviewee) 
► “My opinion is that oil will have a very major part to play in the chemical 
industry and that will still be true in 20 years” (3rd largest bulk chemicals firm 
interviewed) 
► “there’s still a lot of oil in the ground around the world, there are vast 
quantities of coal, and so if you really did want to use those materials, they’re 
still available” (Largest speciality chemicals firm interviewed) 
► “If you get the official point of view of the company: there is still enough oil and 
gas for the next 30 or 40 years” (Largest bulk chemicals firm interviewed) 
 
In conclusion, interviewees showed a preference for lignocellulosic feedstocks for 
commodity products, with maximum use of the UK resource (whether energy crops, 
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forestry, waste or straw) in order to achieve consistent raw material supplies and low-
cost positions. Feedstock suppliers warned that a considerable change in UK policy will 
be required to achieve this. Policy actors expressed support for development of 
lignocellulosic feedstocks, but are also very keen to encourage the use of waste streams. 
Waste streams are less well supported by speciality chemical producers who already 
have experience with refining pure vegetable oil streams into high value molecules, 
which is a very different proposition to inhomogeneous municipal or organic waste. In 
the area of speciality chemicals the renewability and transport impacts of feedstock 
supply are considered less important than their ‘natural’ origin and functionality. The 
importance of public acceptance for changes in land use was recognised by all 
interviewees, not just in relation to the prevailing debate about competition between 
industrial and food uses. 
 
5.3.7 Dominant designs: Biorefinery definitions 
Peck et al. (2009) highlight the importance of common understanding of terminology 
for generating political legitimacy for a new technology; they consider the biorefinery 
concept to have low political legitimacy in this regard in Europe. To assess whether one 
biorefinery design concept is dominant in the UK, definitions were sought from 
interviewees. As discussed in Chapter 1, ‘official’ definitions (e.g. from the IEA or US 
DoE) are often broad and offer little guidance for identifying ‘valid’ biorefinery 
developments. 
 
The interviews confirmed that actors in the regimes are working with different notions 
of what would constitute a biorefinery, not all of which are consistent. Table 35 
compiles these definitions71. Despite some similarities in definitions there was a wide 
variety of standpoints with regard to the type of feedstock, the type of process 
integration and what should be the main products of a biorefinery. Although, at first 
there are few obvious differences between the actor groups’ statements, it is possible to 
identify some patterns even in this limited sample. These patterns are represented in the 
red text below Table 35. 
                                                 
71 Interviewees in the feedstock and bioplastic actor groups were mostly unfamiliar with the biorefinery 
concept. 
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Table 35. Biorefinery definitions provided by interviewees
Integrates 2nd generation 
biofuels production with 
existing refinery processes. 
Supplies new platform 
chemicals via fermentation. 
May or may not include fuels.
High level of fractionation 
to maximise value, which 
may exclude fuel products.
Full utilisation of inputs: Could be any use 
of RRM in chemical industry, or strictly 
apply only to very integrated new facilities.
Advanced processes at new 
facilities. Multiple inputs/ multiple 
outputs via novel intermediates. 
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A tension is perceptible between what is expected of biorefining by speciality chemical 
producers and fuels producers. The fuels producers interviewed were all in the process 
of identifying more advanced technologies for producing bioethanol or biodiesel from 
lignocellulosic feedstocks. In general they see biorefineries as the process units that will 
be necessary to produce liquids that can be integrated with current refining practices. 
The objective of biorefining would thus be to use as much of the biomass as possible for 
fuels production. Any by-products that can be transformed into high-value chemical 
products to improve the economic performance of the biorefinery will be welcomed by 
fuels producers. 
 
Speciality chemicals producers see the value of the biorefinery as based on the 
extraction and upgrading of valuable molecular entities in the feedstock in order to 
maximise the value inherent in the biomass. Hence, speciality chemical producers may 
be reluctant to become involved in biorefining enterprises without having some control 
over the initial fractionation steps. This tension is well reflected in the perspectives of 
two of the technology developers: One interviewee working in biotechnology start-up 
was adamant that biorefining was about the designing of entire processes that maximise 
the extraction of value, whereas an interviewee more closely aligned with the existing 
chemical industry considered that introducing biomass energy to a petrochemical plant 
could make it a biorefinery. 
 
Bulk chemical producers gave a clear impression that they hope biorefineries will 
produce platform chemicals that they can use in a similar way to basic petrochemicals. 
The differences in responses may be founded in firm size and existing fuels interests. 
The larger two firms, with fuels activities that expose them to biofuels regulation, are 
researching which new platform chemicals may arise from their activities in new 
biofuels technologies. The next largest firm has a broad product slate but no liquid fuels 
products, and their biorefinery definition related to plants that they hope might come 
into existence to provide them with useful chemicals. They do not anticipate becoming 
involved in fuels production. The smaller firm, with a much narrower range of products, 
provided a definition that included the kind of single-product plant they might be 
interested in developing themselves. This interviewee saw an advantage in not being 
tied to biofuels production, which would compete for feedstock. 
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Of all the interviewees72, the governmental organisations had the most specific hopes for 
biorefineries. Their definitions referred to new, multi-feedstock, multi-product facilities 
producing both biofuels and bio-based platform chemicals. These concepts anticipate 
much greater levels of integration between the regimes in RRM activities than is 
currently evident. Policy actors’ responses were generally motivated by a desire to 
maximise economic value from agricultural and forestry products, and by achieving 
more strict sustainability criteria through ‘optimal’ integration of processes. The way in 
which governmental expectations for biorefineries are expressed in policy and funding 
could therefore influence the technological trajectory for RRM. It is foreseeable, 
however, that bulk chemical and biofuels actors may not see engagement in such 
policies as consistent with their own independent interests. 
 
The two interviewees that arguably already operate ‘biorefinery’ sites in the UK were in 
the feedstock actor group and generate multiple product streams from agricultural 
produce. Both described their process of integration as one of diversification away from 
a core food product – in both cases this was a sugar product. This core product was 
observed to remain stable despite changes in the input material (e.g. from corn to wheat) 
and addition of new products (e.g. nutrients and ethanol). One interviewee defined the 
approach as follows: 
“You start with food, but anything that is liquid and you don’t want to make into 
food, you ferment it to turn it into a liquid fuel. Anything that’s digestible then 
make it into a gas. Anything that’s made of wood and straw, then burn it to make 
into electricity.” 
 
This perspective on non-fuel, non-chemical driven biorefining provides a potentially 
key insight. Existing biorefinery-type activities have developed organically as crises 
have befallen the core sector (e.g. in EU sugar markets, or feedstock supply), leading to 
diversification through new technologies as add-ons not revisions to the core strategy. 
This reinforces the biorefinery definitions by fuels and bulk chemical producers in 
which core products are identified before consideration of by-products. 
 
                                                 
72 With the exception of the smallest technology developer. 
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5.3.8 Spatial path dependence 
The literature reviewed in Chapter 2 suggests that the possibility of positive feedbacks 
(regional externalities) leading to path dependency should not be overlooked by 
researchers of technological transitions. The retrospective analysis presents a case for 
considering spatial path dependence in relation to the organic chemicals and liquid fuels 
regimes. New feedstocks present opportunities for new locations and new spatial 
distributions of the value chain; the existing sites need not necessarily persist. However, 
the initial locations for biorefining are likely to exert some element of path dependence 
over future developments. An example of the importance of initial location decisions is 
the choice of Norfolk for the UK’s first sugar beet refinery in 1912 before the 
establishment of beet growing in the region. Beet cultivation in the area led to multiple 
refineries and, today, the only UK bioethanol plant is located in Norfolk to utilise the 
local crop. UK cane sugar refineries in coastal locations, which import sugar from ACP 
countries, have not seen similar investment in ethanol. 
 
Two methods were used to explore interviewees’ expectations about spatial path 
dependence. Firstly, statements identified in the interview transcripts as relating to 
locations, or the pressures that will drive location decisions, were coded accordingly. 
Secondly, interviewees’ opinions about locations for biorefining were prompted using a 
map of the UK showing current infrastructure in the two regimes and areas of biomass 
cultivation. 
 
Figure 45 shows the categories into which interviewees’ statements on this subject fell. 
The column heights indicate the prevalence of the different opinions. The coloured band 
widths indicate the differences between actor groups, and the segments within these 
bands indicate any skew caused by individual interviewees (an accepted threat for small 
sample sizes). The results display considerable favour towards locations where the 
chemical and fuels industry are already active. There was also greater favour for larger 
scale operations. This is noteworthy as much active promotion of biorefinery 
technologies is for the development of new sites near to sources of renewable feedstock 
that might challenge and compete with petrochemical production on a sustainable basis. 
This is observable in the work of governmental organisations in Europe and the 
development pattern for US corn-based bioethanol. Other drivers appear to be 
influencing UK developments, however. 
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Figure 45. Bar chart of interviewees' opinions about locations for biorefining 
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Co-location with existing regime 
The main reasons for locating with existing chemical and fuel sites were given as (most 
common first): 
► Existing utilities and skilled labour: E.g. “It’s always useful to have 
infrastructure, and the infrastructure could actually just be a people resource” 
► Ease of getting planning permission: E.g. “No planning permission was needed 
for biomass power on the Wilton site, and there was an existing grid 
connection.” 
► For existing companies to move elsewhere would be costly. 
► For biofuels, oil companies and refineries are the market so is beneficial to co-
locate: E.g. “The role that the refineries play is that they are the market so they 
would do a lot of the blending.” 
► Integration of value chain on one site: E.g. “Without some radical disruptive 
technology…our primary product will always be large integrated sites” 
 
This list reveals something about how locational decisions are made. It might 
reasonably have been expected that value chain integration would have been the vital 
factor in siting near a customer or raw material provider: yet, it seems that the presence 
of utilities and labour are potentially more important reinforcing factors. This is 
represented by the establishment of most of the UK’s standalone bioethanol investments 
on petrochemical sites. 
 
Bulk chemicals companies and biofuels developers considered ports to be important for 
ensuring consistent, competitive feedstock supplies and accessing product markets. One 
major fuels company stated that of all the inputs and outputs for their planned 
bioethanol plant they are ‘furthest away from the animal feed [market] but you can put 
it on a boat as well and sell it around if you wanted to.” Thus, if the economics work in 
a specific location for the main product then access to a port can assist the by-product 
economics also. Speciality chemical manufacturers confirmed that ports are important 
to sourcing vegetable oil feedstocks from overseas. Existing bioplastics firms, however, 
did not cite ports as a significant attraction. However, one interviewee commented that 
the cost of transport to the port is greater than from the port to the customer, which 
suggests an advantage to production near ports, but that initial bioplastics manufacture 
may be competitive from inland sites. 
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Co-location with a different regime 
Interviewees mentioned other industries that could foster biorefining. The most 
commonly cited were the sugar industry and the pulp and paper industry. In some cases 
the agricultural industry was considered as attractive for farm-level bioprocessing. 
However, the agricultural industry was more frequently mentioned in association with 
large-scale commodity production by agri-food majors such as ADM and Cargill. Pulp 
production has been reduced in the UK and most paper is now manufactured from 
imported pulp, reducing the opportunities for utilising by-products. Changes in the EU 
sugar regime were thought to offer an opportunity for diversification of sugar beet 
products, but interviewees did not anticipate expansion of existing sugar production in 
the UK, unless from new crop types and lignocellulose. 
 
Scale 
Research suggests that emissions from biorefining and biofuels production can be 
minimised by reducing the transport of the biomass feedstock (Hamelinck et al., 2005). 
However, there was a perception amongst interviewees that small-scale distributed 
facilities would not actually be a likely development path. This is typified by the 
smallest speciality chemicals firm interviewed: “There are certain economies of scale 
that you get in any manufacturing process and to make things as cheap as you want to 
make them, you very often have to do that at scale.” A UK governmental interviewee 
supported this by saying: “I think it would be nice to have small plants where you do it 
at the farm more or less...but then you must have all your customers for the feedstocks 
within 50 miles and you must produce sufficient enough for them actually to maintain 
their product. In my opinion that’s extremely unlikely”. An interviewee active in energy 
crops production described the decision to supply a large-scale user rather than smaller 
local users: “you’re going to need about 3,000 local primary schools to compete with 
supplying one power station. Which is the easiest to secure?” 
 
Despite this perception that larger scales could compete more effectively, several 
situations in which smaller scale production could be foreseeable were mentioned. For 
example, if discrete ‘lumps’ of capital were available and tied to locations around the 
country the plants might locate in a more distributed fashion. The smallest biofuels firm 
interviewed pointed out that rather than transport feedstock to a central location, where 
possible, ‘you want to truck the higher value product.’ Yet when a UK governmental 
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interviewee was asked how the new industry might retain a sustainable small-scale 
despite commercial reasons to grow the economies of scale, there was recognition that 
unpopular policy incentives could be required: “That would have to be political 
incentivisation and grants like, dare I say, CAP again.” 
 
Proximity to feedstock and overseas biorefining 
The two columns at the right of Figure 45 proved to be strongly linked in the interview 
data. Multinational biofuels and bulk chemicals producers felt most strongly that is 
would be important to be close to feedstock, but that they might locate their activities in 
RRM abroad. Importing sugar cane ethanol from Brazil, cellulosic ethanol from 
Scandinavia and the US and biodiesel from Germany were common expectations. When 
discussing a recent investment decision in petrochemicals, which are often easier to 
transport than RRM, one interviewee said: “When we were looking at where to build the 
plant, it was all about feedstock. All the economic logic about where to site it was based 
on access to feedstock.” 
 
As a result, the factors supporting co-locating with an existing petrochemicals site near 
a port may only apply in the UK if a consistent feedstock supply was identified. Wheat, 
waste, and rape were mentioned in this context. Wheat is a commodity product in the 
UK that could be used to produce sugars for bioprocessing, but concerns about the scale 
of production based on wheat were raised by one biofuels producer already investing in 
wheat: 
“There was a lot of competition for Humberside and it was almost a case of who 
was the first one to go would get it…A second mover has now got to compete 
with a very large consumer of grain sitting on their doorstep.” 
 
UK Locations 
Prompted by the map of the UK (Figure 35), interviewees mentioned the locations in 
Table 36 as likely areas for biofuels, bioproducts and biorefining. The results in this 
Section (5.3.8) demonstrate the complex number of factors that affect firm strategy 
when selecting sites for investment in RRM. The results indicate that some dominant 
candidates for UK locations are beginning to become accepted and these initial 
conditions could influence future choices and the technological trajectory. However, 
amongst both chemicals and fuels producers there was also a strong feeling that 
181 
developments abroad would also play a major role, possibly at the expense of 
developing RRM in the UK. Due to the supply chain complexities in the area firms are 
reluctant to commit to the UK without confidence in consistent feedstock supplies and a 
belief that RRM will be a long-term industry. One interviewee from a bulk chemical 
firm with activities on Teesside reflected this when they stated that they would only 
consider large coastal integrated chemical sites and would be interested in having the 
same stable supply chains for feedstock as they do currently: “If you do meet anybody 
who is producing bio-derived benzene on Teesside then we should have some serious 
strategic discussions!” 
 
Prevalence Location Sectors 
Teesside All sectors 
Humberside Biofuels and by-products 
Grangemouth Bulk chemicals and biofuels 
East of England Biofuels and hemp products 
North West Biofuels and speciality chemicals 
Scottish forests Speciality chemicals 
 Welsh grassland Speciality chemicals 
Table 36. UK locations considered suitable for biofuels, bioproducts or biorefining by interviewees 
 
Of the actor groups interviewed, only speciality chemicals and existing bioplastics firms 
did not consider co-location with the existing regime to be vital, and only bioplastics 
firms did not consider proximity to a port to be highly important. 
 
5.3.9 Policy considerations 
While interest in RRM has been stimulated for a variety of industrial applications, it has 
been policy that has created the market niches that have enabled actual 
commercialisation. These policies have so far been mainly focused on biofuels. This 
major role for policy reflects the early period of the historical transition to 
petrochemicals in which the niches created by tariffs and governmental support were 
instrumental. Perceptions of future policy developments will shape actors’ dispositions 
towards investments in RRM processes and so are analysed in this section. It was not 
necessary to ask explicit questions about policies. Rather, statements revealing 
interviewees’ understanding and acceptance of current, and future, policy regimes were 
allowed to emerge unprompted in relation to all topics discussed. 
 
Impact of biofuels policy 
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Figure 46 shows the policy themes that were raised by interviewees during the 
interviews. Existing UK and EU biofuels policies were cited as motivating factors for 
investment in RRM and determinants of the technological trajectory by actors in the 
biofuels, bulk chemicals and feedstock groups. The emergent message is that the two 
biggest bulk chemical firms have made investments in biofuels technologies before 
commercialising any chemical commodities from biomass, despite fuels being a 
secondary part of their existing business. 
 
Many interviewees mentioned problems with the biofuels legislation, whereas few 
considered that biofuels policies should be expanded. The actor groups that referred 
most frequently to shortcomings of biofuels policies were bulk chemicals and 
bioplastics. The main reasons for criticising biofuels policies were given as (most 
common first): 
► Mandated biofuels compete with food production and this is fundamentally 
unsound. Several interviewees in chemicals stated interests in glycerol, but this 
contradicted the view that FAME biodiesel should not be encouraged due to 
food vs. fuel concerns. 
► Biofuels policies have been too ambitious and too hasty, and there is doubt 
about the scale at which biofuels can be produced. This was stated mainly by 
speciality firms and technology developers, but also by policy actors working on 
RRM for chemicals. 
► Biofuels policies are too short-term and leave uncertainty about long-term 
biomass use. E.g: “Government has said that it will support ROCs through until 
2037, which makes renewable power quite secure. They need to do a similar 
thing for the Renewable Transport Fuel certificates” (2nd largest bulk chemical 
firm interviewed). 
► Biofuels is not the best industrial use of biomass. This view was held mainly by 
bulk chemical producers and policymakers working on RRM for chemicals. E.g: 
“There are many other potential technologies for transporting people or things 
around that would be equally or more sustainable than carbon-based biofuels. 
But there is not really any alternative to all the plastic and rubber materials that 
society needs” (Smallest bulk chemical firm interviewed). 
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Organic chemicals policies 
Very few interviewees referred to existing policy drivers for RRM in chemicals 
production. This is consistent with the result that the chemical applications highlighted 
by interviewees were for markets arising from within the regime, i.e. not new areas of 
demand or markets created by new policies. Of those that were mentioned, there were a 
couple of statements that indicated the long-term impact of REACH on feedstock 
choices, and bioplastics producers cited expectations of legislation on biodegradability 
of packaging as an influence on technology choice. One speciality chemicals start-up 
developing a biopolymer said: “We have always been hopeful, even prior to the 
formalisation of REACH, that there would be an incentive that…once one user falls in 
line with a more bio-based, or green, product, others will feel obliged to do so” (The 
smallest speciality chemicals firm interviewed). However, another speciality chemicals 
interviewee pointed out that the expense of registering new compounds may lessen the 
impact of REACH on change towards RRM. 
 
Wishes for future policies for RRM 
The most common statements relating to policy were those that advocated a change in 
policy to enhance support for RRM for chemical products. Figure 46 shows that this 
view was evident amongst all actor groups, but strongest amongst governmental 
interviewees. Figure 47 provides a breakdown of the changes that actors believe would 
assist RRM. The split between technology- and market-led policy instruments is 
relatively even. Amongst technology-led interventions, R&D funding was considered 
the most pressing need. Several interviewees cited a specific problem with the risks of 
moving from laboratory or pilot scale to demonstration of a new technology. There was 
a common suggestion that venture capital investors are not comfortable with the slow 
projected returns of industrial biotechnology and that government could assist firms 
with the risk of constructing initial biorefining facilities. 
 
Various measures were proposed to help generate markets for products from RRM. The 
two most commonly cited refer to a common perception: bio-based chemicals cannot 
currently compete on a fair basis for biomass feedstock because of unfounded market 
distortions that favour liquid biofuels and biomass power. Two similar coding 
categories refer to this perception and Figure 47 gives a breakdown of the actor groups. 
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Figure 46. Bar chart of interviewees' opinions regarding policies affecting RRM
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Figure 47. Chart of policy actions recommended by interviewees
186 
It is, perhaps unsurprisingly, the chemicals producers and policy actors who hold these 
concerns most strongly, with five interviewees from chemical firms directly referring to 
the need for ‘a level playing field’, ‘fairness’, or ‘equivalent cost of carbon’. This seems 
to reflect both envy for biofuels, which have been endowed with a lucrative artificial 
niche market, and a genuine belief that using RRM for chemicals products could have a 
more positive impact on GHG emissions. 
 
Consequently, some of the larger chemical companies interviewed displayed a 
willingness to lobby for a policy based less on targets and mandates and more on GHG 
reduction. For example: “Biofuels is being over-subsidised at the moment, and I think 
that policy should focus more on cap-and-trade, penalising the polluters and just letting 
whichever technology the market deems to be the best rise to the surface.” 
 
Developing policy-based niche markets in which bio-based chemicals might thrive was 
the next largest area of concern amongst interviewees. Two strategies were mentioned: 
standards and labelling (largely based on renewable content and end-of-life benefits), 
and tradable certificates (based on GHG emissions). Certificates were appealed for for 
biopolymers and bioplastics – direct substitution. One interviewee from a multinational 
bulk chemical firm said: “There needs to be an equivalent certificate for 
bioplastics…and the cost of the carbon saved must reflect the value of those 
certificates.” However, in general there was a feeling that targets for bio-based 
chemicals, such as those proposed for the USDoE (1999), would not be appropriate due 
to the diversity of markets for chemical products and the complexity of the value chains. 
 
Certificates were not mentioned by governmental organisations, who were the most 
keen on standards and labelling, especially at EU level. The competing advantages that 
are claimed for RRM (Table 37) were recognised as a challenge for developing 
labelling as it could lead to a proliferation of labels and possible confusion amongst 
consumers. With the exception of the popular focus on climate change impacts, there 
was no clear indication of a dominant feature of bio-based products that will signify 
benefit to the consumer. In the cases of recycling and GHG emissions, development of 
complex standards for life cycle analysis was noted as being highly important but 
subject to influence by powerful actors. Table 37 indicates how prevailing societal 
desires could steer the technological trajectory. 
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Claimed advantage Application(s) Actor Group 
Renewable Mainly commodities Bulk Chemicals 
Biodegradable/Compostable Mainly polymers & plastics Bulk Chemicals; Bioplastics 
GHG benefit Mainly polymers & plastics Governmental Organisations 
Feedstock security benefit Mainly commodities All (longer-term) 
Natural Mainly speciality chemicals Speciality Chemicals 
Non-toxic Mainly speciality chemicals Speciality Chemicals 
Performance All All 
Cost All (medium-term) Governmental Organisations; 
Technology Developers 
Table 37. Different claimed advantages for labelling bio-based chemical products 
 
Spillovers from other regimes 
In addition to drivers from within the two regimes there needs to be recognition of how 
changes in associated regimes are impacting on technological choices in the organic 
chemicals regime. For instance, the European Landfill Directive was mentioned by 
bioplastics firms. The implication of this is that the cost of disposal is both encouraging 
a move towards materials that do not need to be sent to landfill, but also developing new 
waste management practices. As quoted in Figure 46, sugar policies are also currently 
influential. 
 
Policy tensions 
It is worth mentioning an apparent tension in policy-making that emerged clearly from 
the interview data. As introduced in Section 5.2.2 RRM, biofuels and biorefining are 
technology areas that intersect a number of policy areas. In the UK, this is most starkly 
apparent in the different raison d'êtres of BERR and Defra73. Most interviewees 
operating in the UK had had some contact with BERR or Defra, but often not both. 
Feedstock producers and smaller firms were more likely to have interacted with Defra, 
whose remit is related more closely to rural economies and downstream environmental 
impacts. Larger firms and technology developers were more likely to have interacted 
with BERR, whose remit is related more closely to industrial performance and 
technology transfer. Despite collaboration on a number of RRM initiatives, interviews 
                                                 
73 It must be noted that the interviews were conducted before the formation in the UK of DECC, the 
Department of Energy and Climate Change, in November 2008. However, although DECC contains units 
that were previously in BERR and Defra, only the unit in Defra concerned with non-food crops has 
moved to DECC. Therefore, whilst this merging of related issues from the departments is welcome, the 
industrial biotechnology unit remains in BERR (now BIS) and so the interview results would remain 
largely unchanged. 
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revealed frustration from both sides as they perceived the other department to have 
placed obstacles in their way. For example: 
► “Some parts of BERR don’t see the environmental problems that we try and 
address. Their main focus is on: more economic growth, more competitiveness, 
more jobs.” 
► “I was getting really frustrated with Defra that they weren’t looking at these 
higher-tech applications.” 
 
At a European level similar problems were referred to, with competences split between 
DG ENTR (markets for bio-based products); DG RTD (biorefinery research); DG 
TREN (biofuels policy) and DG ENV (climate and waste policies). In addition the EU 
Lead Market Initiative is being led in different member states by different departments. 
For instance, in the UK it is BERR, and in Germany and France it is environmental and 
agriculture ministries. Thus, it will be a challenge to align interests such that markets 
and feedstock supply are developed in concert if government wishes to make RRM and 
biorefining commercially attractive by reducing risk in all parts of the value chain. 
 
In conclusion, not only are policies currently affecting the technological trajectory for 
RRM, but all actor groups expect government policy to play a role in shaping the future 
for RRM and biorefining in the UK. The most common themes in this section were the 
negative influence of biofuels policy on use of the biomass resource, the positive 
influence of biofuels policy on driving technological change, and the desire for policy to 
intervene in both research and markets for bio-based chemicals in order to advance 
RRM with an urgency that is currently absent. However, it should also be noted that the 
larger speciality and bulk chemicals firms suggested that they would not base 
technology decisions on policy as it could never provide a robust long-term foundation 
to the sector. 
 
5.4 Discussion of results 
The sections above present a way to interpret the perceptions of actors in the two 
regimes. The semi-structured interview technique allowed interviewees to be prompted 
to discuss certain topics without the use of leading or restrictive questions. Thus, it was 
possible to code transcripts for statements relating to seven areas of uncertainty: 
► Landscape factors influencing change; 
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► Competing applications for RRM that interest different actor groups; 
► Strategic alliances between actor groups that are shaping technology choices; 
► The influence of co-evolution between the two regimes; 
► Surfacing dominant designs for platform chemicals, feedstocks, biorefinery 
concepts; 
► Factors influencing location decisions; 
► Attitudes towards policy and opinions on policy prerequisites for RRM. 
 
Table 38 summarises the thematic coding results and shows some of the differences and 
linkages between the main actor groups. The primary conclusion from these results is 
that grouping the actors according to their position in the regime did elicit patterns of 
opinions about how they anticipate RRM to become established. These patterns showed 
the strongest differences of opinion about: competing motivations for action; concerns 
regarding the impact of policy on future feedstock availability; and the most appropriate 
applications to be targeted. These uncertainties all echo areas of uncertainty that were 
present in the retrospective analysis as delaying action regarding petrochemicals. 
 
The strongest similarities between all actor groups were found in relation to: 
lignocellulose (energy crops, wood, straw) as dominant future feedstocks; the 
importance of ethanol and C3/C4 organic acids; and the importance of standards for 
comparing life cycle climate impacts of technologies for RRM. These areas, whilst still 
showing some uncertainties, reveal some alignment of the regimes that could, as in the 
historical case, accelerate change if this direction is supported by government policy 
and influential actors. 
 
These results were sought for the purpose of complementing the historical dynamics to 
generate insight into future developments for RRM and biorefineries in the UK. This 
process of scenario development is described further in Chapter 6. The following 
conclusions follow from Table 38 and are identified as the potentially underpinning 
future dynamics. 
► Biofuels, biolubricants, bioplastic packaging and bio-based specialities (e.g. 
detergents, cosmetics, water treatment) are all recognised as occupying stable 
niche markets that are likely to expand in the near-term; 
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Area of 
uncertainty 
Liquid Fuels Bulk Organic Chemicals Speciality Organic Chemicals Influence of other actor groups 
Landscape 
Factors 
► ‘Strategy is around low 
CO2’ 
► ‘Need to consider the impact 
on the environment’ 
► ‘People are asking about 
sustainable materials’ 
► Government focus is on climate change 
Applications ► Maximum direct 
substitution of fuels 
► Direct substitution of 
commodities and fuels. 
► Typically technology push 
► Functional substitution into new 
independent niche markets based 
on demand factors. 
► Government actors divided between the 
2 approaches 
► Bulk≠bioplastics≈specialities 
Strategic 
Alliances 
► Bulk chemicals 
► Technology developers 
► Agri/Forestry/ Waste/Food 
► (Bio)fuels 
► Technology developers 
► Biofuels 
► Bioplastics 
► Agri/Forestry 
► Feedstock producers are engaged on 
technologies that are closer to market 
► Policy networks separated by scale of 
potential markets 
Co-evolution ► Biofuels driven 
► Wish to sell by-products 
for highest price 
► Technologies and feedstocks 
driven by biofuels 
► Value independence 
► Strongly independent and wary of 
biofuels driven change 
► Looking at biofuels by-products 
► Governments aware of scale of biofuels 
influence; would like more even co-
evolution 
Dominant 
Designs 
► Lignocellulose→ethanol 
► Lignocellulose→syngas 
► Cereals in near-term 
► Lignocellulose→ethanol 
► Sugars→lactic/succinic acids 
► Lignin→aromatics 
► Glycerol→monomers 
► Lignocellulose→waxes 
► Lignin→resins 
► Sugars→fine chemicals 
► Veg. oils→polymers/glycerol 
► Technology developers promote 
biotech, catalysis, lignocellulose 
► Policy supports agriculture 
► Bioplastics use pulp & sugar 
Spatial Path 
Dependence 
► Near ports & arable land 
► Teesside, Humberside 
► Near port & petrochemicals 
► Teesside 
► Near existing plants 
► Access to markets 
► Government favours distributed sites 
Policy 
Measures 
► Motivated by mandates 
► Favour long-term policy 
► Envious of biofuels subsidies 
► Favour use of LCA in 
levelling markets for biomass 
► Critical of biofuels subsidies 
► Only support regulation of GHG 
and toxicity impacts 
► Technology developers follow 
incentives 
► Policy goals not addressing competition 
for RRM, or connected along value 
chain 
Table 38. Table summarising the interview results by theme for the main actor groups across the two regime 
 
► Bulk chemicals producers are beginning to embrace RRM as a future feedstock for monomers and plastics, but the strategy is a 
longer-term one with many unresolved challenges in the value chain; consequently, bioplastics producers resemble small speciality 
firms rather than the firms that currently dominate the plastics industry; 
► Due to the networks and expectations of the main actors, advances in biotechnology may be more likely to diffuse and influence the 
technological trajectory than thermochemical or catalytic technologies, which would need to act more disruptively; 
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► There was little confidence that biorefining activities would become well-
established in the UK without some major policy interventions; such 
interventions might have to be very strong to prevent the North East of England 
from gaining momentum as the main UK hub, thus influencing technology 
choices of co-locators; 
► The proposed tension between chemicals-driven change and fuels-driven change 
that was identified from the historical work is apparent from the interview data 
pertaining to the current innovation system around RRM. Biofuels producers 
expressed expectation that their by-products would be ultimately used for 
chemicals. Speciality chemicals producers were hesitant about using biofuels 
by-products and becoming involved in commodity markets. Bulk chemicals and 
technology developers saw biofuels as either a threat or opportunity, depending 
on their existing involvement in fuels and biotechnology – they were 
unanimously hopeful that advanced biofuels technologies would deliver 
facilitating large-scale biomass pre-treatment processes. 
 
5.4.1 Validity of results 
In Chapter 3 incompleteness of data was identified as a threat to validity and so the 
methodology gathered interview data from a number of actors in a range of actor 
groups. Following the data analysis it should be recognised that just four interviewees in 
each actor groups is not sufficient to conclude that the results are representative of each 
group. Indeed there were areas in which there were conflicting responses within groups 
that are not explainable through differences in organisation size. Nevertheless, while 
some findings might be modified by a larger sample size it seems likely that the 
identified themes would still be relevant. 
 
The identified themes, most of which were determined via historical analysis, were 
presented voluntarily by interviewees and support the theoretical framework. Firms’ 
strategies and a broad policy system are contributing to convergence around dominant 
designs. The themes exist and therefore offer a very useful sample of actor perceptions 
about RRM in 2008/09, which is a unique insight into actor agency in the two regimes. 
Because the number of organisations engaged in work on RRM or basic organic 
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chemicals in the UK is not large the overall validity is enhanced despite not being an 
exhaustive sample. 
 
Consideration of the results in this chapter enables fresh comment on other areas of 
validity. Respondent bias was addressed by avoiding leading questions and carefully 
explaining the nature of the research to interviewees. Each interview was conducted in 
the same manner (with the slight exception of the telephone interviews) and the 
interview data provide a range of opinions and perspectives that does not support the 
conjecture that interviewees tried to give answers the researcher ‘wanted’. If the 
frankness of interviewees’ responses was modified by a concern for consistency with 
company policy, this is not considered a drawback, as overall firm strategy is as much 
of interest as that of individual influential actors. 
 
5.5 Concluding remarks 
By drawing upon responses from interviews with 28 actors in and around the organic 
chemicals and liquid fuels regimes in the UK, this chapter has revealed divergences 
from the understandings articulated within the dominant discourse on RRM and 
biorefineries. Whilst many researchers and experts discuss the design of future 
standalone biorefineries feeding multiple fuel and chemical markets, the perceptions of 
many within the existing system are guided by path dependent dynamics that favour 
hybridisation of RRM with the existing regimes, biofuels-driven co-evolution and, in 
some cases, single-product biorefineries for polymers. Several of these themes are 
starkly reminiscent of the uncertainties surrounding introduction of petrochemical fuels 
and chemicals in the UK in the 1930s. Chapter 6 brings together the dynamics explored 
in Chapters 4 and 5 with the theoretical literature in Chapter 2 to analyse the extent to 
which the research results provide indications of how the technological trajectory is 
likely to develop, and what might be the role for policy. 
 
In addition, this chapter has attempted to open up new theoretical space in which 
empirical data (in the form of semi-structured stakeholder interviews) can be interpreted 
to offer new insights and understandings of prospective technological transitions within 
socio-technical regimes The implications for theory are discussed further in Chapter 7. 
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In summary, a number of the co-evolutionary dynamics that shaped the nature of the 
transition to petrochemicals in the UK 1921-1967 have been observed to be influencing 
actor agency in the UK innovation system for RRM and biorefining. The dynamics – 
involving the liquid fuels regime, organic chemicals regime and their related institutions 
– have been complemented by including analysis of some specific features of RRM, 
such as ‘direct vs. functional substitution’ and regime outsiders including the 
agricultural and biofuels sectors. This new information about actor perceptions provides 
a basis for understanding whether past co-evolutionary dynamics might dominate future 
feedstock changes, or whether new models might emerge for managing this potentially 
disruptive technology field. 
 
194 
 
 
6 Foresight analysis of alternative technological futures and 
implications for policy 
 
In Chapter 5 semi-structured interview data were used to investigate the dynamics 
operating within and between the main innovation systems for RRM. These are the 
liquid fuel, organic chemicals and associated ‘outsider’ regimes. The research strategy 
built on the use of historical sources to identify key themes that influenced the socio-
technical transition to petrochemicals in the UK 1921-1967. Taken together, the results 
provide strong support for understanding liquid fuels and organic chemicals as co-
evolving regimes responding to changing pressures at different levels of the socio-
technical innovation system. This chapter consolidates the research results from 
Chapters 4 and 5 to propose some key themes of chemical feedstock transitions and use 
these to build four scenarios of how the introduction of RRM might proceed under 
different landscape, policy and niche pressures. 
 
In Sections 6.2 and 6.3 energy policies, by-product relationships and strategies for 
uniting niche markets are shown to have particular importance in initiating path 
dependent technological change. In Section 6.4 the discussion is moved beyond 
individual case studies to draw out common patterns that suggest possible scenarios for 
RRM and biorefining in the UK. In Section 6.5, the implications for policy and theory 
will be considered using the analytical framework developed in Chapter 2. Section 6.6 
concludes the Chapter. 
 
6.1 Introduction 
Evaluating the future development options for novel technologies or products is of key 
importance for firms, governments and other societal actors who have an interest in the 
diffusion of an innovation or who are influenced by it (Markard et al., 2009). Chapter 5 
underlined the uncertainty amongst actors about the potential of innovations to diffuse 
into competing markets for RRM. This uncertainty rules out the possibility of accurately 
predicting the courses of technological development. However, because they 
acknowledge a range of possible developments, foresight and scenario methodologies 
have attracted much attention as tools for understanding and coordinating actor 
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strategies. 
 
6.1.1 Research question 3 
► What are the opportunities and threats for the introduction of RRM and 
biorefineries into the UK chemical processing industry and what scenarios might 
be more sustainable in the longer term? 
Scenario methods have been criticised for lacking a theoretical foundation that 
explicitly incorporates actor strategies, the role of networks, societal processes and 
positive feedback effects (Hofman et al., 2004; Markard et al., 2009). This chapter 
addresses research question 3 through a linking of the historical MLP research on socio-
technical transitions with foresight scenarios, using insights from the contemporary 
interview approach.  
 
Scenarios are ‘hypothetical sequences of events constructed for the purpose of focussing 
attention on causal process and decision points’ (Kahn and Wiener, 1967:66). Recalling 
the review of scenario methodologies in Chapter 3, the initial steps involve ascertaining 
which are the main ‘aspects of social interaction that are in tension’ (e.g. landscape 
factors in the MLP) and ‘key uncertainties’ (e.g. technological, investment or market 
options). The approach in this work is to employ such tensions and uncertainties to link 
the historical research and the foresight application, therefore grounding the scenario 
development process within the theoretical framework. 
 
6.2 Insights from historical work 
As summarised in Section 4.5, retrospective analysis of events in the transition to 
petrochemicals in the UK 1921-1967 yielded a number of key insights into the factors 
that had influenced the trajectory of technological change (by stimulating and/or 
hindering change). The elements in Table 39 were found to be key tensions, whereby 
new pressures in the innovation system were able to stimulate positive feedbacks and 
shift from a period of uncertainty towards a more coherent and faster transition. 
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Element Influence Causal 
loops 
Landscape factors ► Societal security of energy supply concerns, changes in the 
nature of the distilling industry, economic growth, and 
wartime demands were all exogenous factors that played 
disruptive roles. 
Figure 25 
(Section 
4.3.2) 
Niche applications 
bring actors into 
alliances and 
networks 
► Products utilising the new feedstock were based on new 
functionalities in small markets, often complementing 
contemporaneous socio-technical niches in other regimes. 
► New functionalities were not initially universally recognised 
and served only small-scale applications until positive 
feedbacks from learning-by-doing and scale economies made 
them attractive to other applications. 
► Niche markets bring together expertise in novel combinations. 
Plastics Division was formed in ICI once synthetic polymers 
were seen as a growth area. It formally interacted with actors 
up and down the value chain. The British Plastics Federation 
was formed in 1933. 
Figure 25 
(Section 
4.3.2) 
Regime-regime co-
evolutionary 
dynamics influenced 
by politics 
► In the early stages, interaction between the regimes was 
predominantly through indirect knowledge transfer, involving 
the third regime of alcohol production, and overseas actors. 
► Once the infrastructure was in place for the use of petroleum, 
the flow of basic chemicals between the regimes drew them 
much more closely together, both spatially and corporately, 
generating new flows of information about technological 
options. 
► There were spill-over effects from policy measures often 
directed at other regimes. Important examples of such 
measures were seen in the combination of the Inconvenience 
Allowance and the Dyestuffs (Import) Act. 
► These dynamics have the potential to accelerate change 
through technological hybridisation, but also to restrict the 
evolutionary trajectory as the co-evolutionary direction 
gathers momentum. 
Figure 21 
(Section 
4.3.1) 
Path dependent 
processes leading to 
spatial agglomeration 
► Large-scale petrochemical production is undertaken at a 
limited number of large sites at which basic chemicals and 
services are exchanged between different enterprises. 
► The establishment of integrated production sites to have been 
path dependent and reliant on strategic decisions within both 
regimes. These decisions led to the regimes becoming centred 
on sites such as Grangemouth and Teesside, which were 
active in one of the regimes before the beginning of the 
transition. 
Figure 30 
and Figure 
31 (Section 
4.3.3) 
Dominant designs ► Standard technologies for cracking and reforming petroleum, 
and for building polymers from olefinic monomers, directed 
research heuristics and resolved the technological trajectory 
firmly towards petrochemicals and integration of the regimes. 
► Transfer of standard technological models between firms 
operating in the two regimes, without compromising 
intellectual property rights, revolutionised the industry 
between the 1950s and 1970s. After the 1970s this allowed 
Middle Eastern firms to enter production. 
Figure 48 
(below) 
Table 39. Key tensions identified as influential in the historical transition to petrochemicals 
197 
 
 
 
Figure 48. Causal loops depicting the rise of alkylation aviation fuel (Bennett and Pearson, 2009)74 
 
6.3 Insights from interviews 
The interview design was built around the underlying themes identified in the historical 
transition. These were complemented by specific attention to the types of applications 
that actors consider to be promising markets for bio-based chemicals, and the various 
forms of renewable feedstocks. These issues were considered to be of importance to 
RRM in the literature and in discussions with experts. Figure 11 provides an example of 
how the causal loops developed to conceptualise the historical dynamics were mapped 
directly on to the contemporary situation as a prompt for interviewees. From the results 
presented in Chapter 5 it has thus been possible to modify the causal loops and to use 
these as a basis to define the main tensions and uncertainties. These are described 
below. 
 
6.3.1 Landscape factors 
At the beginning and end of the historical period studied the pressure of securing energy 
and raw material security for the UK dictated much of the debate about feedstocks. The 
quotations at the very beginning of this thesis show that both coal and biomass were 
discussed as future feedstocks by US chemists in the 1970s. The UK was similarly 
                                                 
74 See the full paper for the other causal loops that complete the relevant picture for ‘the race for 100 
octane’. 
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affected by high energy import prices. ICI decided to pursue the bioplastic Biopol 
(Bennett, 2008c; Holmes, 1985) and the Low Energy Strategy for the UK recommended 
a move towards coal for the chemical industry (Leach et al., 1979). Large-scale changes 
away from imported raw materials did not transpire. In fact, oil prices declined and the 
pressure was eased. 
 
The interview data revealed that the main driver for feedstock change is no longer 
energy security, but climate change. However, because several interviewees expressed 
serious concerns about how life-cycle GHG emissions should be used as a metric for 
bio-based products, a number of landscape factors must be considered to remain in 
tension. Scenarios need to account for how landscape factors might affect the two 
regimes differentially. 
 
Tension 1: Landscape Uncertainty: Impact on different sectors of the chemical 
industry of climate concern, petroleum scarcity and ‘green’ 
consumption 
 
6.3.2 Importance of niche applications 
Interview data in three categories can be applied to the question of which applications 
could provide initial spaces for the establishment of actors in RRM. Firstly, 
interviewees’ perceptions regarding the factors that influence their criteria for new 
applications showed marked differences between bulk and speciality chemical 
producers. The differences arose mainly from whether they were currently pulled by 
demand factors such as biodegradability, or whether they advocated direct or functional 
substitution of existing products. Secondly, interviewees indicated certain applications 
and products that they thought could be markets for RRM. These were listed in the 
discussion of dominant designs and highlighted possibilities in bioplastic packaging, 
resins and lubricants. Thirdly, strategic alliances give an indication of where formal 
networks are emerging. Aside from biofuels, bioplastics was the only area with a 
specifically established industry association, although networks appear to be forming 
around biotechnology and speciality uses for UK crops. 
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Before undertaking the interviews, bioplastics had been identified as a potential area of 
interest and was used as an example in the interviews. The causal loops based on the 
historical dynamics constructed around synthetic polymers that were shown to 
interviewees as a prompt were subsequently elaborated, based on the interview results, 
and are presented in Appendix H Figure 1. The central tension proposed by the two 
feedback loops was between substitution based on biodegradability and substitution 
based on non-fossil/renewability. Additional tensions were added on the basis of 
comments by interviewees. The structure of the causal loops also includes the bad 
experiences that were cited with early bioplastics, that could balance the virtuous circle 
of demand growth until these reputational factors are overcome. Another possible 
negative impact is the uncertainty about the GHG performance of bioplastics. Standards 
relating to the life-cycle GHG impacts of plastics could be a disadvantage (immediate) 
or an advantage (if capacity reaches a larger scale). 
 
Overall, it was perceived by the interviewees that demand for biodegradability, led by 
better waste regulation, would be critical to the niche economics, as well as government 
support for bridging the funding gap between pilot and demonstration scale. One 
importance of increasing demonstration and capacity would be to bring larger firms in 
to the actor networks, especially agri-food majors. To date, diversification by agri-food 
firms such as Cargill, Tate & Lyle and ADM has yielded larger-scale investments than 
from existing plastics producers, who are more cautious about not cannibalising existing 
products. 
 
Tension 2: Niches Uncertainty: Whether consumer demand for biodegradable 
goods will be sustained and growing, and how this will be 
affected by the life-cycle GHG performance of bioplastics. 
Tension 3: Networks Uncertainty: Which large firms will become involved in 
supporting bioplastics development: chemicals, feedstock, or 
even fuels. 
 
6.3.3 Co-evolutionary dynamics 
Similarities and differences were found between the introduction of petrochemicals and 
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the introduction of RRM. The nature of the potential co-evolutionary flows was found 
to be similar, with reciprocal knowledge-transfer occurring the early stages of 
development, and some fuels-driven by-product relationships developing. Another 
similarity was an expectation that certain ‘outsider’ regimes might link the organic 
chemicals and liquid fuels regimes. The biotechnology sector and feedstock providers 
such as agri-food firms or forestry/pulp/paper were mentioned in this respect. There is a 
striking similarity too with regard to the strategic choices of no chemical or fuel firms to 
become involved in new activities in the other regime. 
 
As a result of the maturity of the petrochemicals industry, which became evident in the 
UK in the 1980s, there is now a clear divide between bulk and speciality chemicals 
companies that have different strategies and criteria for innovation. In addition, oil 
companies that had become deeply engaged in petrochemicals via diversification 
through by-products have mostly withdrawn from all but the most basic chemicals in 
the last decade. Thus, although there exists much latent expertise that could be used to 
diversify activities in either regime75, the separation of the actor groups partially 
resembles that which existed in the 1930s. The exception is the small number of 
petrochemical majors that are involved in biofuels research, partly due to existing 
business in the oil and gas industry, for example Ineos and BASF. 
 
The main differences between the ways in which the two regimes are interacting today 
reveal some uncertainties about future co-evolutionary dynamics in biorefining. These 
relate to two dissimilarities between petroleum and biomass raw materials that are 
increasingly understood by those in the bulk chemicals and fuels actor groups: 
► Constrained biomass availability in the UK will not overcome security-of-supply 
concerns. Global supplies may never equal the level realised for petroleum by 
1950. 
► Biomass fractions are often in demand for fuels and chemicals. 
In the 1940s the major UK chemical companies were beginning to align themselves 
                                                 
75 Ineos’ involvement in thermochemical routes to biofuels came directly from their work on gasification 
for plastics recycling, which was a ‘failed’ attempt to address sustainability in the plastics industry. BP is 
employing staff from their former chemicals businesses to consult on their investments in biofuels. 
201 
 
 
with the oil companies’ belief in the ultimate pre-eminence of petroleum, and were 
formulating strategies accordingly. Current strategies for RRM are also concerned with 
competition for feedstock and there are technical as well as political concerns about 
fuels producers controlling the feedstock supply. There is an apparent disconnect 
between fuels producers who are expecting chemicals companies to buy into their future 
biorefineries, bulk chemical producers who are waiting to see whether renewable raw 
material streams become available, and speciality chemical producers who are 
remaining strategically independent. 
 
The causal loops developed from the interview data (Appendix H Figure 2) reflect these 
tensions. The two regimes can be considered to be in opposition to each other, and 
could be drawn together through positive feedbacks led by knowledge transfer, by-
product exchanges and policy. However, the by-product (oil refinery analogy) model of 
biorefining could break down and cause independent rather than integrated development 
of the sectors. Interviewees feel that presently there is a substantial distance between 
biofuels and biomaterials policies. Unless government intervention for bio-based 
chemicals increases demand for these products then it may be the competition for 
biomass that dominates the co-evolutionary feedbacks and inhibits the involvement of 
bulk chemical producers in integrated biorefining76. 
 
Tension 4: 
Policy 
priorities 
Uncertainty: Whether EU and UK government policies continue to 
support ambitious biofuels targets at the expense of bio-based 
chemicals, which would remain reliant on environmental consumers and 
price competition. 
 
6.3.4 Path dependent processes 
The nature of the manufacture of fuels and chemicals from hydrocarbon resources is 
that ventures have benefited from being closely located in order to benefit from shared 
services and exchange of by-products, as discussed above. This thinking underpins 
                                                 
76 Whilst several interviewees stressed that chemicals are hit harder by oil price rises due to higher 
demand elasticity, biofuels benefit rather than biochemicals due to policy incentives for investment in 
infrastructure. 
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ideas of integrated biorefineries that use the various components of the biomass raw 
material(s) to produce a range of products. The historical research suggested that these 
ventures often do not have free choice about where to locate, due to the attractiveness of 
sites already occupied by earlier facilities in the regime, regardless of the feedstock in 
use. The reasons for this were strongly stated by interviewees in relation to use of RRM: 
ease of obtaining planning permission, availability of services (including renewable heat 
and power) and availability of skills. Of the coal-tar based chemical sites, only Teesside 
became a major petrochemicals site: it was coastal as well as near an onshore coalfield. 
The subsequent globalisation of the chemicals and fuels trade, and the expectation that 
biomass feedstock could be imported, suggests a case for locating new plants on 
existing sites at least as strong as in the retrospective transition. 
 
The countervailing reasoning that sustainable biorefining requires the use of indigenous 
biomass resources and short transport distances is common in the academic literature, 
and is frequently assessed to confer the lowest GHG emissions. It is revealing, 
therefore, that interviewees primarily focused on the arguments for locating on existing 
petrochemical sites, near ports and for operating at scales that would preclude short 
transport distances. From a sustainability perspective, the internationally-oriented 
interviewees perceived that in order to satisfy their industrial criteria they would be 
more inclined to undertake initial biorefining overseas near to large-scale biomass 
sources and import fungible intermediates. 
 
In discussions of the possible feedbacks that reinforce initial locational choices, 
interviewees were largely in agreement with the fundamental causal lops, but added a 
greater level of complexity that is represented in Appendix H Figure 3. The 
uncertainties that emerge from this were not related to actual locations, but to the 
various influences on a firm’s decisions to fully commit to the production of basic 
chemicals from biomass and on the importance of biomass pre-treatment. These loops 
make it clear that the diffusion of new basic chemicals is heavily dependent on how 
chemical firms perceive the security of existing platform chemicals and the availability 
of cheaper imports. For instance, if olefinic platform chemicals could be renewably 
produced or if there were no perceived threat to their availability, then some of the 
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chemicals majors interviewed did not recognise a need for new platform chemicals. The 
central feedback loop portrays a situation in which biofuels production is greatly 
expanded on the basis of large-scale pre-treatment, providing certain basic chemicals at 
a scale that could dictate the technological trajectory. 
 
Given these potentially pivotal uncertainties, certain policy levers suggest themselves. 
Government intervention in pre-treatment could be more important, as this would give 
an opportunity for platform chemicals to emerge at a designated biorefining location. 
Mechanical lignocellulosic fractionation and oilseed crushing were cited by 
interviewees in this respect. Government at EU and UK level could also act to expand 
the saturation limit of markets for bio-based chemicals. More specific actions could 
include the use of incentives to secure UK production, and criteria to dictate the 
environmental impact or scale of production. 
 
With regard to specific locations, there was a common perception that the East of 
England would be the main initial location, especially Teesside. For more specialist, 
small-scale production, East Anglia, Welsh grasslands, Scottish woodlands, and existing 
cellulose and starch mills were considered likely77. In each case there are apparent 
positive feedbacks that could lead to hubs of biorefining at different scales and different 
models of integration. Reconciling sustainable transport distances with the advantages 
of locating close to existing infrastructure and markets could give rise to new 
biorefining models. One can envisage three stylised models with different levels of 
spatial integration (Table 40). 
 
Tension 5: Spatial 
integration 
Uncertainty: Extent of globalised markets for bio-
based intermediates versus establishment of biomass 
processing facilities for basic chemicals or biofuels in 
the UK. 
 
                                                 
77 Also see Reineck (2008) and Black & Veatch (2008) for a discussion of location issues in the UK. 
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Biorefining 
model 
Spatial integration Process Integration UK Petrochemical example 
Complex High (One large site) Fully integrated through 
services and by-products, 
producing fuels, polymers, 
bulk and specialty chemicals 
Shell Carrington & Stanlow 
Clustering Intermediate (Regional 
clustering of 
downstream users 
around a pre-treatment 
facility) 
Centralised pre-treatment 
allows smaller users to enter 
and exit the cluster to use the 
available output. 
BHC’s sites at Baglan Bay 
and Grangemouth resembled 
this to some extent. 
Distributed 
Hubs 
Low (Initial processing 
to fungible commodities 
separate from 
distributed users) 
Some integration of services 
and by-products downstream, 
possibly hydridised with 
petrochemicals. 
ICI shipped in pre-distilled 
naphtha to Wilton, whilst 
other oil fractions went to 
fuel refiners (e.g.Exxon). 
Table 40. 3 Stylized biorefining models with different levels of spatial integration 
 
6.3.5 Dominant designs 
In construction of causal loops for the tension between different technologies, it was 
chosen to focus on the difference between biochemical production of lignocellulosic 
ethanol and thermochemical production of advanced biofuels (Appendix H Figure 4). 
This was able to build directly on the influence of the dominance of cold acid alkylation 
over hydrocodimer technologies for high octane fuel during the historical transition. 
However, when biofuels actors were prompted by the causal loop diagram, some did not 
recognise this as an influential tension for RRM. The main reasons were: 
► The technology landscape is more complicated, with possible disruptive 
technologies emerging from chemical catalytic and gasification/fermentation 
routes. 
► Policy does not favour either method, and there will be room for both. 
► Ethanol has already got a lead, due to technological advantages and the high 
capital costs of untested gasification and catalytic alkylation processes. 
 
As discussed in Chapter 5, UK actors displayed the greatest belief and knowledge in 
lignocellulosic feedstocks, including UK waste, energy crops and straw; plus imported 
forestry products from Northern Europe and UK vegetable oils. Regarding fungible 
commodities, ethanol (especially from the tropics) was commonly mentioned as a 
tradable product78, along with wood, DME, methanol and synthetic natural gas, to a 
                                                 
78 It was correctly noted that by one interviewee that transporting hygroscopic ethanol would add the 
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lesser extent. Ethanol, glycerol, lactic acid and succinic acid were mentioned by almost 
all interviewees as good starting points for bio-based basic chemicals and monomers. 
 
This last point is well-supported by a growth in research and investment in new routes 
to these chemicals and new processes from these chemicals to product families79. This 
demonstrates how dominant designs can become entrenched from down- and upstream, 
and through offensive and defensive innovation. Defensive innovation is being 
undertaken by those interviewees that cited the head-start of competitors as a primary 
motive. Defensive innovators can obstruct the adoption of a dominant design (Freeman 
and Soete, 1997:273). 
 
Dominant designs, therefore, have two impacts on the technological trajectory. One is to 
catalyse change by pulling actors in the same direction, and the other is to introduce 
technological path dependency in the near- to medium-term. The interview data reveals 
some coalescence around dominant designs80. This reflects historical experience, but 
does not enable the future to be accurately predicted. 
 
The optimum molecules do not need to be determined and endorsed for momentum to 
gather around a new commodity or intermediate. To the frustration of several 
interviewees from technology development firms, (lignocellulosic) ethanol is a 
prominent example of this. However, there is a feeling amongst interviewees that the 
suggested new platform chemicals from RRM are all inferior to olefins and BTX, 
making their medium-term supersedence easier. For now the UK appears to be focusing 
most clearly on obtaining sugars for the subsequent application of biotechnology. The 
success of such an approach in the UK appears to be dependent on two further 
uncertainties: partnership strategies of biotechnology firms (Kasch and Dowling, 2008) 
and the acceptance of genetic modification (Peck et al., 2009)81. 
                                                 
large unfavourable energy demand of dehydration. 
79 For example, Bennett et al. (2009), Roquette (2008) and Zhao et al. (2009) 
80 E.g. compared to options in early proposals like Top Value Added Chemicals From Biomass (USDoE, 
2004). 
81 GMOs have not been directly addressed in this thesis, but their spectre shadows discussion of RRM, 
both with regard to expansion of biomass yields and new enzymes. Interviewees were confident that GM 
enzymes would be acceptable to UK consumers, but lamented government inaction regarding GMOs in 
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Tension 6: 
Intermediates 
Uncertainty: The availability of sugars and the success of 
biotechnologists in reaching industrial production in the UK, or the 
ability of thermo-chemical and catalytic technologies to reach 
disruptive break-throughs. 
Tension 7: 
Biomass 
feedstocks 
Uncertainty: Whether the scale of available RRM resource in the UK 
is perceived to enable commodity scale production in the 
near/medium-term, and whether raw material or fungible commodities 
are attractive imports. 
 
6.4 Developing Scenarios 
It has been acknowledged elsewhere that existing scenario methods are not entirely 
suited to explore socio-technical innovation systems (Hofman et al., 2004). However, 
although other authors have presented tools that begin to address this shortcoming, 
methods for development of socio-technical scenarios are not yet established. Indeed, 
two such papers on the subject evaluate tensions and uncertainties but do not proceed to 
selection, elaboration or derivation of implications from scenarios82. This section draws 
on scenario tools developed in other fields and adapts them to include the range of 
socio-technical elements and levels of regimes. 
 
The intention of socio-technical scenario construction is to identify initial decisions that 
might lead to contrasting technological trajectories. Such trajectories should each 
portray socio-technical systems that are internally stable, because the elements become 
aligned and woven together, and are consistent with satisfying the societal functions of 
the regime(s) (Holtz et al., 2008). Whilst a set of scenarios cannot be exhaustive, nor 
ignore the possibility of two or more trajectories co-existing in a future period, they can 
provide an indication of possible development paths from which decision-makers can 
identify those that satisfy their objectives and seek to influence the initial decisions 
                                                 
agriculture. This was noted as a hostile frontier between Defra and BERR. 
82 In the terminology of Markard et al. (2009), ‘variation analysis’ is undertaken but not ‘path analysis’. 
Hofman et al (2004) focus on identifying focal issues or decisions, empirically analysing influences on 
the focal issue, ranking aspects and processes by importance and uncertainty. They do not focus on the 
final steps that they consider to be: selecting scenario logics (giving different scores to those aspects and 
processes which are most uncertain or have most effect), fleshing out and writing scenarios, and deriving 
implications for initial decisions. 
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accordingly. Similarly, the technology examples given in the following sections are not 
exhaustive. New technology fields move quickly, but in so doing confer an advantage 
on socio-technical foresight that looks at long-term trends in actor strategies and 
patterns in transitions rather than concentrating on techno-economic variables. The 
scenarios presented in the following sections could be usefully updated as technology 
develops, generating new decision points and reducing uncertainty, but it is anticipated 
that the insights might have a continuing relevance with regard to the influence of 
landscape pressures, actor groups, niche markets and spatial development. 
 
Whereas an initial 2x2 scenario matrix was constructed according to theory and used as 
a prompt during the interview process (see Section 3.6), this rigid framework received 
mixed responses from interviewees. Comments included: 
► “I quite like that picture…we haven’t really talked about [dependence on 
biofuels]” 
► “That’s a good conceptual structure…putting it together with whether biofuels 
drives change or whether they develop independently.” 
► “I’m not quite sure how far these two [axes] are really related to each other, or 
whether actually you can draw up an axis like this” 
► “The way you’ve mapped them out, we could be in the bottom right hand corner, 
although I would argue that we should also be at the top.” 
 
The overall impression that the distinction between ‘biofuels drives change’ and 
‘chemicals drive change’ is a reality and will have a bearing on future development 
pathways was a conclusion in Chapter 5. A clear-cut distinction between functional and 
direct substitution of products is less robust, especially for liquid fuels, since both 
strategies can be pursued by actors simultaneously. Most interviewees were able to 
designate their actions and those of others according to the four quadrants so they 
remain guiding factors. However, following analysis of the interview data it was 
decided not to apply the scenario matrix rigidly, but to develop four more subtly 
differentiated scenarios that could arise from initial decisions about the seven tensions 
and uncertainties. 
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6.4.1 Competing tensions and timeframes 
Seven identified tensions emerged from the analysis of innovation systems dynamics 
generated by the interview data about RRM and biorefining (Sections 6.3.1-6.3.5). 
1. Landscape 
2. Niches 
3. Networks 
4. Policy priorities 
5. Spatial Integration 
6. Intermediates 
7. Feedstock 
The MLP is employed to think and write about future plausible transition paths that may 
arise from the socio-technical system dynamics presented in the causal loop diagrams. 
 
A previous attempt to outline a method for foresight uses of the MLP structured the 
scenarios by issues/decisions and by time (Hofman et al., 2004). The introduction of a 
temporal element derives from the observation that previous transitions have generally 
followed three transition phases, plus a subsequent period of enduring stability. Three 
such periods have equally been delineated for the historical transition studied in this 
thesis. However, since the pertinent decisions that can be reasonably forecasted in a 
study such as this one relate to the near future, it must be asked what value is conferred 
by extending the analysis into the longer-term. In answering this question, the historical 
transition is again instructive. 
 
The counterfactual scenario matrix presented in Figure 14 (Section 3.6.1) is a back-
casting tool that has value in revealing the pattern of changes over time. From the 
diagram it can be seen that in the initial phase the strategies in major chemical and fuels 
firms in relation to petroleum feedstocks were grouped in the direction of ‘direct 
substitution’. These early ventures, however, did not generate positive feedbacks that 
embedded these approaches. Instead, as the landscape changed and early niches were 
established, functional substitution became more possible and the momentum of 
gasoline production pushed technology towards ‘fuels driven’ change. How trajectories 
can change over time is thereby judged to be a level of detail worth including in the 
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scenario construction process. Three phases are derived from the MLP tradition: Pre-
development; Technical Specialisation; Wide Diffusion (Geels, 2005). 
 
If phases are to be included, then where current developments sit within this framework 
must also be estimated. Literature suggests that technological change is an evolutionary 
process punctuated by infrequent bifurcations and transformations. History suggests that 
the first steps of pre-development towards a transformation are rarely deliberate; to be 
conveniently at the beginning of the pre-development phase is improbable. Sections 6.2 
and 6.3 make comparison of the uncertainties derived from the interview data with 
analogues in the historical transition. An estimation can be made that pre-development 
has been ongoing for a number of years and some elements of technical specialisation 
are now surfacing. Policy changes disrupting the regimes, such as bioenergy and 
biofuels legislation, sugar market reforms and REACH became apparent to interviewees 
shortly after 2000. Landscape changes such as climate change concern, oil price 
volatility and the technical potential of biodegradable materials became apparent a few 
years later. It is possible to – imprecisely – define the following phases as guidelines 
based on UK interviewees’ expectations for RRM: 
► Pre-development – Near-term – 2000-2015 
► Technical Specialisation – Medium-term – 2015-2025 
► Wide Diffusion – Long-term – 2025-205083 
 
Four scenarios are separately presented in the following section. Firstly, the outcomes 
of decisions relating to the main tensions and uncertainties at each level of the socio-
technical system are described. Secondly, a narrative is structured around the dynamics 
that result from realistic expectations of resulting developments in the three phases. 
 
6.4.2 Scenario 1: Biofuels By-Products 
The factors underpinning Scenario 1 are described in Table 41. 
                                                 
83 N.B. Interviewees stressed that long-term perspectives were not formally considered in their 
organisations. The inclusion of wide diffusion in this framework does not indicate a belief that a transition 
to RRM will occur in this timeframe, but allows an outline of the developments that could lead to wider 
diffusion to be described. It is also a useful reminder that socio-technical transitions are not rapid 
reconfiguration processes. 
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Table 41. Scenario Table for Scenario 1 'Biofuels By-Products' 
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The pre-development phase defines the technological trajectory with the current policy 
environment influencing the shape of the regimes. Influential landscape pressures cause 
the oil price to rise faster than the UK is able to overcome the economic downturn. In 
the first row of the table a graphical indication is provided of the evolution of the oil 
price and consumer demand for goods marketed as ‘green’ (e.g. bio-based, 
biodegradable etc.) that might lead to such a scenario. 
 
Climate change remains a top policy priority and existing biofuels are strongly 
supported, with measures strengthened in the RTFO for a transition to 2nd generation 
fuels. Due to the lack of capital availability in the near-term, fermentation rather than 
thermochemical routes is the clear focus for investors, leading to consolidation around 
bioethanol and biobutanol. With the focus on climate change and economic recovery, 
the ‘sustainable consumption’ niches for bioplastics and other bio-based products do not 
grow their consumer or retailer support. 
 
Maximising the output of alcohol fuels in the most sustainable manner for large-scale 
blending aligns the available feedstock supply chains towards a number of biofuels 
production hubs. Because biofuels production aims at single-product maximisation, 
chemical firms are reluctant to engage, except in relation to technology transfer in the 
biotechnology field. Economics dictate that by-products of biofuels production are used 
in large markets that are familiar to the fuels and feedstock companies involved: 
lubricants (oleic and palustric acid), protein feed (distillers grains and vinasses), heat 
and power (lignin and residues). 
 
The major changes in the organic chemicals regime occur in the technical specialisation 
phase. In this phase, chemicals and fuels firms collaborate to promote new routes to 
ethanol, including lignocellulosic pre-treatment, pentose fermentation, syngas 
fermentation and long distance transport of fuel products. In this phase the sector is 
mature enough to trade by-products competitively, rather than the exclusive contracts 
that currently make chemicals producers reluctant to commit to biofuels by-products. 
Speciality chemicals producers are the first users of by-products. 
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By the end of the phase the focus on sugar extraction from woody biomass yields sugars 
that are of very high value to bulk chemical companies, who are able to outcompete the 
fuel price in many instances, leading to a suite of chemical products from sugars that are 
economic without policy intervention (except the pervasive carbon price). 
 
The scale of biofuels production encouraged by policy (and the oil price) in this 
scenario means that most biorefining sites are coastal in order to secure year-round 
feedstock supplies, and access to fuel blending facilities (Sanders et al., 2009; Van Dam 
et al., 2009). The other biorefining model is based on municipal waste and large 
production sites develop near major cities also. Despite the growth in trade of ethanol in 
this scenario, dehydration to ethylene is not undertaken in the UK as the biofuels 
subsidies outcompete the chemical use when compared to bio-ethylene from Brazil or 
petrochemical ethylene from the Middle East. In the terminology of Geels and Schot 
(2007) this scenario resembles processes of socio-technical ‘transformation’ and ‘de-
alignment/re-alignment’ (Table 4, Section 2.2.3). 
 
6.4.3 Scenario 2: ‘Growth from Niches’ 
The description of Scenario 2 in Table 42 represents an exploration of how the 
introduction of RRM might proceed without governmental fiscal intervention. This 
scenario draws most heavily on examples from other MLP transition studies and looks 
at which niches are most likely to develop independently, given the existing resources 
and concerns. In this scenario the pressure on the biomass resource from biofuels is very 
limited as the oil price remains low. Public anxiety about the impact of biofuels on food 
production, and a societal focus on greater GHG reductions than 1st generation biofuels 
can economically deliver, contribute to weakening policy support for liquid fuels from 
RRM. In contrast, ‘green’ consumption rises sharply as the nation exits the economic 
downturn, keeping the UK at the vanguard of demand for products sold for their lower 
environmental footprint. 
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Table 42. Scenario Table for Scenario 2 'Growth from Niches' 
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Responding to consumers’ and retailers’ demands for sustainable materials, UK and EU 
governmental organisations find favour for their attempts to agree standards and 
labelling schemes, including life cycle analyses (Hatti-Kaul et al., 2007). Efforts focus 
on areas of the existing chemicals regime that are disrupted by landscape changes: 
plastic packaging (waste and fossil basis); solvents and phenol-formaldehyde resins 
(toxicity and waste basis); cosmetics and food (natural ingredients basis), medical 
products (non-biodegradable basis). The disparate and independent nature of various 
ventures in bioplastics and speciality chemicals leads to a lack of confidence in the 
momentum of RRM within the existing regimes. 
 
In Phase II the lack of engagement by existing bulk chemical and liquid fuel majors has 
a disruptive effect on the composition of the regimes. The big players in biorefining are 
the major agricultural firms seeking new higher-value outlets for their produce as it is 
threatened by agricultural reforms, and supermarkets who invest to support supply 
chains. 
 
Towards the end of the technical specialisation phase the emergence of niche 
hybridisation and investor confidence changes this pattern and creates socio-technical 
linkages between bio-based ‘single product’ ventures and petroleum-users. Several 
interviewees considered that the niche markets approach to biorefining was unlikely to 
make a significant impact until a ‘big player’ comes on board, for instance BASF. 
However, the long gestation period before wide diffusion could create dynamics that see 
some firms that were previously outsiders operating at the centre of the organic 
chemicals regime, for example agri-food firms. 
 
Scenario 2 is the only scenario in which the biorefining of grass in rural areas such as 
Wales could have an impact on the overall trajectory. This is recommended by several 
authors as a way to diversify farming incomes and improve rural economies, for 
example by promotion of cooperative industrial models (Agros Associates et al., 2004; 
Charlton et al., 2009). It has the potential to introduce a further level of distribution to 
the hub integration model, with on-site farm-level fermentation of press-juice sugars to 
acids that can be transported with fibrous residues to distributed processing hubs. 
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However, due to the nature of the resource, it appears to be limited to scales below that 
of commodity products (~10kt/yr) and to short raw material transport distances (albeit 
extended by use of silage). Only if high value niches are demonstrated and can link up 
with niche products in other regions, thus providing momentum for RRM, does grass 
biorefining appear to be of interest to this study of transitions to RRM. 
 
In the terminology of Geels and Schot (2007) this scenario resembles processes of 
socio-technical ‘substitution’ and ‘de-alignment/re-alignment’ (Table 4, Section 2.2.3). 
 
6.4.4 Scenario 3: Fossil/Bio Complex 
Perhaps the least radical of the scenarios is that described by Table 43. It is considered 
likely to have the slowest pre-development and technical specialisation phases, but also 
the lowest levels of resistance to wide-scale change. The main landscape issue is the oil 
price, which rises rapidly in the pre-development phase and disrupts the UK 
petrochemical industry. Coincident landscape pressures entrench current trends in 
petroleum markets. For instance, global oil markets are leading towards a situation in 
which Middle East refiners are able to produce olefins very cheaply from new supply 
capacity that is based on cheap associated gases and stockpiled heavy crudes (Hodges et 
al., 2008). With oil field depletion officially over 9%, investments in additional supply 
capacity elsewhere dry-up. This puts a great price pressure on European crackers who 
defend positions through greater vertical integration to take advantage of ‘roll-through’ 
pricing. In addition, lower aromatics production from Middle East crudes causes price 
rises in PVC and, therefore, its substitute polypropylene. Propylene prices climb 
dramatically as polypropylene continues to substitute steel in efficient automobiles and 
because crackers are ethylene-led (Hodges, 2008). 
 
Two landscape factors serve to confound efforts to develop bio-based chemicals. 
Firstly, major retailers (mainly supermarkets) do not receive their desired returns from 
the low price premiums they can charge for bio-based packaging. Secondly, political 
forces that operate on electoral timescales do not envisage that a bio-based economy is 
sufficiently imminent. 
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Table 43. Scenario Table for Scenario 3 'Fossil/Bio Complex' 
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Thus, support for bioplastics and biorefineries falters. Instead, the environmental policy 
focus is on large power projects and low-carbon electricity, which begins to implement 
carbon capture and storage (CCS) demonstration plants, notably on Humberside, where 
plans for a CO2 pipeline are approved to access the Viking gas field in the North Sea 
(Armistead, 2009). 
 
The result of these developments is that, in Scenario 4, petrochemical incumbents do 
not invest in radical technologies but integrate operations in refining, cracking, 
electricity generation and CO2 handling. As the technical specialisation phase unfolds, 
existing petrochemical complexes at Humberside, Teesside and Grangemouth integrate 
all of these activities to defend existing market positions based on sunk investments and 
skilled labour. 
 
The use of biomass for CHP and large-scale power generation develops supply chains 
for UK energy crops, forestry products and imports. The availability of syngas from 
gasification operations leads to an interest in its use in chemicals, as it represents a 
cheaper feedstock than petroleum fractions and chemicals demand grows into new 
European markets such as carbon fibres for high-efficiency aerospace and automobile 
bodies. Intermediate products are accepted by industrial actors due to a ‘good fit’ with 
existing practices, which gives an advantage to dimethyl ether (DME) and methanol as 
fungible commodities from syngas. Subsequently the integration of biocontent via co-
firing becomes a possibility and firms seize the opportunity to create market value from 
the non-fossil basis of polymer products. 
 
In Scenario 3 biofuels do not grow market share considerably, as policy focuses on low-
carbon electricity and carbon markets. The RTFO is scaled back as 2nd generation 
biofuels do not perform well either technically or economically during the pre-
development phase. Diversification strategies of agri-food producers look to subsidies 
for heat and power instead of biofuels or bio-based chemicals (Borole et al., 2009). 
These niches link up with the integrated fossil/bio complexes through establishment of 
synthetic natural gas pipelines for biogas (from agricultural or biological waste) and 
syngas (from gasification plants or CCS). 
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During the wide diffusion phase, other advanced biotechnology and chemical processes 
become available, but are integrated into the established supply chains around the use of 
gases and fossil/bio complexes. This means that improvements in pyrolysis (e.g. 
microwave pyrolysis) and higher yielding energy crops are used to densify and transport 
biomass more efficiently rather than establishing dedicated biorefineries at lower (less 
competitive) scales. In this final phase, fractionation technologies and their use in 
speciality chemical production are also more likely to be established at integrated sites 
where supply chains and services are already established. This is especially true of 
technologies that are able to supplement supplies of petroleum-based BTX molecules 
with alternative sources. 
 
In the terminology of Geels and Schot (2007) this scenario resembles processes of 
socio-technical ‘reproduction’ and ‘de-alignment/re-alignment’ (Table 4, Section 2.2.3). 
 
6.4.5 Scenario 4: ‘Field of Dreams’84 
From the interviews, and also from the retrospective analysis, there is an impression that 
chemical scientists are highly resourceful in generating valuable products for society 
and are supported by investors if feedstock supplies are established. Scenario 4 (Table 
44) takes this as its point of departure and suggests an outcome resulting from strong 
political intervention in biomass refining (i.e. technology push). The consequence for 
biorefining is a clustering of downstream users stimulated by availability of a dedicated 
bio-based chemical infrastructure. 
 
Landscape drivers influencing the socio-technical direction in Scenario 4 are similar to 
those in Scenario 2. These pressures are, however, more influential on policy. Market 
instruments are complemented by efforts in technology demonstration and innovation 
networks, bringing together technologists with feedstock providers. Stimuli are thus 
provided from two directions in order to increase the profitability of UK land-use and 
biotechnology, injecting confidence into the technology areas. 
                                                 
84 A reference to the similarly-titled 1989 film in which the protagonist is advised “If you build it, they 
will come”. This statement could apply equally well to the attraction of users of fractionated biomass 
from biorefineries as to baseball stadia and players. 
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Table 44. Scenario Table for Scenario 4 'Field of Dreams' 
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Governmental fiscal support for regional industrial biotechnology nuclei attracts firms 
to collaborate in ventures for bio-based chemicals. These are, nevertheless, most likely 
to be established on existing sites for chemicals, food or waste processing. The presence 
of large speciality chemical and agri-food majors further attracts start-ups such as 
bioplastics firms to demonstrate their technologies using the shared services. Clusters 
are based on upstream biomass conversion, and so agri-food and pulp and paper 
communities are well-placed to co-opt their skills into the organic chemicals regime85. 
 
As the technical specialisation phase proceeds, dominant biorefining designs emerge 
based on biomass fractionation, especially for cereals (including straw waxes) and 
lignocellulosic biomass. This generates competition for production of platform 
chemicals and monomers. The most likely of these are currently lactic acid, succinic  
acid, propanediol, glycerol, HMF86 and ethanol. 
 
The availability and utility of these chemicals is then decisive in generating new 
families of downstream chemical products based on these functional intermediates, 
mainly from carbohydrates. Plants for the production of single products thus become 
established alongside the primary biorefinery, which grows into a chemical complex 
through clustering. 
 
For example, acrylic acid, methyl methacrylate, propylene, ethylene glycol, butanediol 
(and nylons), MEK and ETBE are all currently produced in large quantities in the UK 
from fossil resources and could be derived from these bio-based platform chemicals. 
Matching the target petrochemicals in Appendix 7 with currently available UK RRM, 
processes for glycerol conversion to acrolein and acrylic acid could act as a bridging 
technology in clusters that could convert to use of lignocellulose feedstocks in the 
second phase. 
 
Path-dependent integration during this technical specialisation phase continues, with the 
                                                 
85 For a discussion of the importance of co-option to accelerating evolutionary processes, see Mclennan 
(2008). 
86 Hydroxymethyl furfural, plus other ‘furanics’ that could have potential as intermediate chemicals from 
carbohydrates (Roman-Leshkov et al., 2007). 
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production of other components of the technological system from biomass. An example 
would be the production of plasticisers such as phthalates from isosorbide and lactides 
in order to provide 100% biorenewable and biodegradable plastics (Yan et al., 2007), or 
catalysts from glycerol (Bethala et al., 2009). Wide diffusion occurs when there is 
convergence around a limited number of intermediates, leading to a range of proven 
products that can compete with petrochemicals in cost and functionality. Both aspects 
are assisted by rising oil prices and consumer-led demand for products with low 
environmental impact. 
 
The implication of this pattern of clustering, competition and then ‘build-out’ is that 
both the pre-development and wide diffusion phases experience rapid change in the 
outlook for RRM, whereas growth is slower during the uncertainty of the middle phase. 
One of the difficulties in securing bulk markets for RRM quickly after securing niche 
markets is that two of the largest markets for chemicals are the construction and 
automotive sectors. Both are currently strong in the UK but are often resistant to change 
and vulnerable to market downturns. 
 
As in Scenario 2, change in Scenario 4 is driven by chemical products and based on 
functional substitution. Interviewees considered these two strategies to be the slowest 
approaches. It is likely, therefore, that policy would need to be strongly supportive of 
initial ventures, especially in securing biomass fractionation, in the initial absence of 
large single-product markets that can support wastage of unused feedstock. The 
anticipated networks in Scenario 4 are also similar to Scenario 2, with a major role 
foreseen for agri-food companies to diversify and change the make-up of the organic 
chemicals regime. The production of bulk chemicals from biomass is likely to require 
different skills of the central companies, which may have to adjust accordingly. A 
precedent for this in the organic chemicals sector is the transition of DSM87 from a state 
coal mining company to a petrochemicals company and, in 2002, to a life sciences 
company, via diversification, acquisitions and sales. 
 
                                                 
87 Dutch State Mines, formed in 1902. 
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In the terminology of Geels and Schot (2007) this scenario resembles processes of 
socio-technical ‘re-configuration’ and ‘de-alignment/re-alignment’ (Table 4, Section 
2.2.3). 
 
6.5 Implications for policy and strategy 
The previous section extrapolated important dynamics related to UK chemical feedstock 
transitions to suggest four realistic scenarios for biorefinery development in the UK. 
Feedback dynamics from the innovation literature, plus factors relating to the chemical 
technologies themselves, were employed to describe different rates of change, different 
co-evolutionary interactions, and different outcomes. Each scenario offers a different 
transition route (from Table 4, Section 2.2.3), but a common feature is the importance 
of de-alignment of the existing regime by landscape factors in initiating change in each 
case. In no case is a process of endogenous renewal considered likely to be the major 
dynamic. Policy priorities are considered to be central to the formation of niches and the 
technological trajectory. 
 
6.5.1 Research question 4 
► How can an understanding of the dynamics of chemical feedstock transitions 
inform and guide the technical and political debate about RRM? 
The four alternative futures are interesting results from a policy perspective because 
RRM is generally considered to be a limited resource. Interviewees clearly stated that 
they do not expect the UK to be able to satisfy competing markets using indigenous or 
imported RRM or to be able to support numerous biorefinery models. The expectation 
is for the importance of RRM to grow by 2050 in the UK but not to fully displace fossil 
resources for fuel or chemicals over this timescale. In addition, significant uncertainties 
about future landscape pressures and niches are evident. Other authors have recognised 
this strategic dilemma for public and private actors wishing to advance their interests in 
biorefining. Meiser et al. (2008) pose three critical questions for decision-makers (Table 
45), but do not propose answers for corporate or policy decisions. The following 
sections extend the scenario approach to address research question 4. The discussion is 
structured according to the three questions in Table 45, which are tackled from a 
systems perspective, and with identification of suitable intervention points. 
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Which of the ‘top value-added chemicals from biomass’ (USDoE, 2004) are 
commercially promising and which will remain niche? 
Which production costs should be compared: investment returns or shut-down 
economics? 
Which are the 
right 
molecules to 
produce? Is the market currently captive? 
Will it be possible to increase production volume in future to meet commercial 
expectations? 
Can bio-based chemical activities be inserted into existing value chains, or, if the 
compound is currently bought, is it wise to integrate backwards? (especially relevant 
for new entrants who need: IP, core capabilities, superior skills, or assets) 
What is the 
right strategy 
for a 
particular 
organisation/ 
company? Will it be possible to use RRM to hedge against raw material costs?  
Are the following available: feedstock access, science base, process scale-up know-
how, downstream integration, and marketing? How should it be set up? Is there substantial investment to cover R&D and production costs? 
Table 45. Critical questions for biorefinery decision-makers, as posed by Meiser et al. (2008) 
 
6.5.2 Which are the right molecules to produce? 
The scenario approach indicates the types of molecules and technologies that might be 
most likely to be pursued under different policy and landscape pressures. It also 
indicates the contribution that different niche/chemical combinations might make to the 
overall pace and nature of technological change. These are important considerations for 
policy decisions. 
1. Whether a molecule can be produced as a by-product of biofuels production will 
have a major impact on the rate of scale-up and nature of the co-evolutionary 
dynamic. 
a. If biofuels are to be supported in the UK in the long-term, then biorefinery 
establishment could benefit from early decisions to pursue specific 2nd 
generation technologies (e.g. ethanol from miscanthus or MSW). 
b. To stimulate the positive feedbacks in the causal loops (Appendix H Figure 
2), there is a clear role for policy to commit to long-term support for 
biofuels. Interviewees were wary of by-product economics due to the risk of 
the by-product becoming the primary product whilst production ratios 
remain fixed. 
c. If an attractive molecule is in competition with biofuel production for the 
biomass resource, governmental actors may need to increase their awareness 
of the need to outcompete the fuel value of the biomass88. 
                                                 
88 Relevant lessons may be drawn from the experience of ethanol in the historical period. As a product of 
diversification rather than a by-product it was more difficult for it to scale-up rapidly (Section 4.3.3). 
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d. Without policy support for bio-based product niches, there is a possibility 
that fuels producers will first produce lubricants from biorefinery by-
products. This would not create co-evolutionary linkages between the 
regimes. 
2. The existing market value of a target molecule is not enough to judge its 
attractiveness as a bio-based chemical. 
a. Unless there is at least one insertion point in to the producer’s existing value 
chain, it will be tough to set up a new molecule for multistep conversion 
into higher chemicals without coordinated market instruments, regardless of 
public technology funding (e.g. succinic acid). 
b. Molecules that will progress from niche applications are more likely to be 
C1-C4, plus basic aromatics, which can access larger families of products. 
c. Molecules that can be accessed from multiple feedstock sources will be 
critical. This was apparent in the historical transition, as policies that 
favoured alcohol paved the way for petroleum (e.g. ethanol ' ethylene). It 
could be more crucial for RRM due to risks of variable harvests and impact 
of climate on yield. 
d. Without strong policy support for niche markets, direct substitution is a 
quicker route to commerciality, but is not guaranteed due to resistance from 
existing producers (shut-down economics) and reversibility (feedstock 
flexibility). 
3. Certain molecule combinations appear more favourable for the UK. 
a. Comparing Appendix G with the scenario tables indicates that good long-
term targets for bulk chemicals are polyurethanes, C3 oxygenates and 
acrylic monomers. All are produced by existing infrastructure and would 
suffer from high oil prices. 
b. UK production of methanol and naphtha aromatics could compete with 
imports in a high oil price scenario or if biocontent is advantaged. 
c. In Scenarios 1-3, UK expertise in enzymes could be beneficial and 
profitable89. 
                                                 
89 The enzyme market is currently dominated by a small number of globalised biotech majors. Despite 
concerns about oligopolies, history suggests that such technology firms can accelerate technology transfer 
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d. Suitable targets for building families of niche products are cellulose 
derivatives for bioplastics and specialities90, and glycerol derivatives. 
Establishing lignocellulosic fractionation or ‘open-access’ oilseed crushing 
could be advantageous. 
 
6.5.3 What is the right strategy for a particular organisation/company? 
By reviewing the outcomes of strategic decisions during the historical transition, and by 
identifying patterns in interviewees’ approaches, the scenarios indicate how actors in the 
two regimes – plus selected outsiders – might influence the technological trajectory for 
RRM. 
4. Few companies have decided to engage in RRM on a standalone basis, so most 
have to partner along the future value-chain. Policy can assist this process to 
effect change. 
a. Change is likely to be accelerated once major industrial actors are involved 
in developing commodities. The level of commitment amongst larger firms 
appears to be related to their perception of landscape pressures, so firms 
with raw material access are currently most engaged (e.g. agri-food and pulp 
& paper). Fuel and chemical majors are strategically engaged by GHG 
motives, but these appear insufficient drivers for RRM under scenarios 
without an enduring oil price surge. 
b. Raw material access is a strategic advantage for involvement in RRM, but 
not enough to invest in bio-based bulk chemical production. The scenarios 
reflect the fact that technological change will be slow without major 
partnerships linking downstream and upstream. If policymakers wish to 
pursue functional substitution and new industry models (scenarios 2 and 4), 
forging networks in the near-term between technology developers, feedstock 
providers and smaller chemical firms is advisable. These groups are waiting 
to learn from each other what to produce. 
c. Firms with differing strategies are currently trying to find value in the use of 
                                                 
between regimes. Policies should not necessarily favour UK biotech firms, but help them to collaborate 
internationally. 
90 For example, see Sanchez et al. (2009). 
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RRM in the organic chemicals regime. However, these are sometimes 
conflicting, as represented in the scenarios by the accentuation of different 
feedback loops by different policy priorities. Policies with clear reasons for 
promoting RRM and biorefining may attract more synergistic combinations 
of ventures91. 
d. Current activities and partnerships indicate that the pressures created by 
policy intervention and landscape changes presently favour Scenario 1. This 
scenario is the most reminiscent of the historical experience whereby the 
perceived higher volumes and values of liquid fuels drove change, but only 
once policies were aligned with petroleum. However, this scenario also 
takes the longest to develop and link niche chemical markets due to the 
competition for biomass. 
5. The UK is limited in its resource and ability to attract investment. Change is 
likely to occur via the dynamics underpinning just one or two of the scenarios; 
resources should therefore not be spread thinly. 
a. Actor strategies are likely to play a major role in determining which 
scenario, if any, becomes dominant. The dynamics described by the causal 
loops indicate that uncertainty about the strategies of key players can delay 
convergence around dominant designs. Bold policies could focus 
competition on particular technology areas (e.g. US lignocellulosic ethanol 
strategy – favoured by several interviewees) 
b. The UK has no ‘right’ to a future bio-based chemical industry, just as it was 
only through a series of favourable events that it became Europe’s leading 
petrochemical producer despite having no petroleum resource. 
c. It does not appear possible for the UK to host activities in each scenario and 
value chain. This relates to the trading nature of the industry, the trend 
toward production outside Europe, and biomass availability. Chemicals 
differs from other sustainable technology areas, like heat and power, that 
demand optimisation in each jurisdiction. Policy and landscape interactions 
                                                 
91 Examples of policy priority decisions include: recycling vs. biodegradability; climate policy vs. long-
term industrial sustainability; global trade vs. greater autarky; low-carbon energy vs. bio-economy. 
Interviewees and literature sources do not consider that these can all be pursued equally by governments. 
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may have lasting impacts. 
 
6.5.4 How should it be set up? 
Meiser et al. (2008) hint at the broad range of competences that firms will require to 
commercialise bulk chemicals from RRM. The interview data suggests that 
governmental organisations appreciate the variety of challenges from an innovation 
systems perspective, but that departmental bodies do not currently have the influence to 
align different policy interactions. The causal loops indicate some actions that could 
diminish balancing feedbacks (uncertainty) and stimulate virtuous feedbacks 
(acceptance and convergence). 
6. The importance of standards and definitions 
a. For development of the sector as a whole, useful definitions could be sought 
for, for example, biorefineries and sustainable biofuels. There is evidence 
from the interviews that actors wish to be involved in biorefineries, which 
confer an impression of sustainability, but much of the discussion is 
occurring elsewhere in the EU. Any resulting definitions may not be 
suitable for some UK scenarios, or their breadth may threaten credibility. 
UK policy could take a greater lead in aligning international definitions92. 
b. Technological niches are central to each socio-technical scenario and are 
mostly defined by policy: either direct support or side-effects of policies 
such as sugar markets or waste management. Agreement on how to measure 
the benefits of bio-based products in these markets is presently lacking and 
needs to be addressed by programmes such as the EU Lead Market 
Initiative. 
c. Constrained petroleum resources could lead to concerns about the long-term 
supply of the most suitable raw materials for chemical production. 
Interviewees repeatedly mentioned the paucity of options for producing 
materials compared to energy. Those in both regimes considered that current 
                                                 
92 For example: Ofgem (2008) considers biodiesel as a fossil fuel when made using methanol from natural 
gas, and the OECD definition of biotechnology excludes the non-biological manipulation of RRM (Van 
Beuzekom and Arundel, 2006). This raises questions about how partially renewable products should be 
supported by policy and whether such definitions could disadvantage scenarios relying on familiar but 
non-biotech technologies. 
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policies favour ‘Biofuels Drive Change’ dynamics. It is recommended that 
government formulates positions on how climate, energy security and 
chemicals policies can sustainably distribute fossil and renewable resources 
between energy and chemical uses. 
7. Realistic long-term and intermediate targets for the industrial use of RRM in the 
UK. 
a. Historical technological transitions show that chemical feedstock transitions 
are not rapid processes. They benefit from protected niches, network 
building and convergence around new industrial models. The scenarios 
reveal that policy may have the greatest chance of effecting the introduction 
of RRM if governmental bodies at EU, UK and regional levels have a 
clearer idea of their long-term goals. 
b. Targets for both regimes may be the only realistic way to coordinate policy. 
However, targets in this area are extremely difficult to define and can be 
counterproductive, as observed for the causal loops describing the UK 
Dyestuffs Act 1921. Metrics (production volumes, feedstock volumes, 
number of ‘biorefineries’, or number of biofuels by-products) cannot be 
seriously contemplated. Asking companies to report on the value they have 
generated annually from biocontent in their products could be used to 
provide indicators of the separate rates of growth in bulk and speciality 
chemicals sectors93. This could complement milestones, such as GHG 
accounting standards, cost parity with petrochemicals for some applications, 
or quantitative targets for specific niches. 
c. The scenarios frame the logic of supporting specific niche markets at 
specific times. Obligations on the construction and automotive sectors to 
follow best environmental practices could pull RRM technologies towards 
commerciality, but it would be difficult for these areas to link with existing 
bioplastic niches. In the near-term, the bioplastic packaging, bio-based 
                                                 
93 With increasing needs for benchmarking and accounting likely to be required in the medium-term in 
the chemicals sector for reporting life-cycle GHG savings and biorenewable content, policymakers could 
usefully give thought to developing standardised methodologies for tracing them through the value chain. 
Without a pervasive economic measure, such as a (fossil) carbon price, tracing renewable chemicals in 
the bulk chemical industry will be problematic - various intermediates from different biorefineries could 
be combined downstream. 
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resins, biolubricants and cellulose derivatives niches could help develop 
bioplastic technologies before larger, more demanding markets, are brought 
into actor networks in the medium- to long-term. 
d. Slade et al. (2009) identify areas in which UK biomass energy policy is 
under-implemented or fragmented. Lessons could be learned from the 
biomass energy sector, and governmental departments could collaborate to 
locate common goals. 
 
6.6 Concluding remarks on socio-technical scenarios 
This chapter has described the process of socio-technical scenario construction as 
followed in this research work. The process uses system dynamics causal loops to draw 
links between the results of the retrospective analysis and themes from interview data. 
The scenarios develop the underlying tensions, uncertainties and dynamics that could 
lead to contrasting technological trajectories for the use of RRM in the UK in the near-, 
medium- and long-term. Logically, these scenarios are not exhaustive or directly 
predictive. They have been constructed to fill gaps in policy and strategy knowledge 
about sustainable biorefinery development. It is hoped that they might furnish the 
biorefinery research community with a valuable new perspective on the challenges and 
nature of technological change. 
 
The four scenarios have not been judged preferentially or measured against an ideal 
outcome. Because a complete transition to RRM is not expected in either regime, the 
scenarios simply explore how early decisions might lead to differing long-term 
allocations of raw materials and research efforts. Competing scenarios have significant 
value in the context of interviewees’ beliefs that the UK is not well-placed to engage in 
all activities relating to biorenewables. The technological trajectory in the UK will 
influence how it influences and interacts with developments abroad in the two regimes. 
 
Importantly, the four scenarios are not defined by competing technological paradigms, 
such as thermochemical or biochemical processes. They are defined by the tensions and 
dynamic interactions that are understood to characterise chemical feedstock transitions: 
strategic partnerships, spatial path dependence, co-evolution with the liquid fuels 
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regime, and dominant designs. This approach allows for technological hybridisation in 
the latter phases of the scenarios and for the emergence of new technologies that resist 
strict classification. As an example, syngas fermentation appeared as a contender for 
ethanol synthesis during the course of the thesis research, and it could flourish in a 
scenario in which alcohol becomes favoured and landfill avoidance is a priority. An 
important insight from the retrospective analysis is the ability of early technologies 
(such as industrial alcohol) to catalyse their own obsolescence by stimulating pathways 
with more disruptive potential. Thus, furanics, using familiar chemical catalysis 
processes, could benefit from the development of a sugar platform for biorefining. 
Biogas expansion in Scenario 3 could feasibly lead to earlier nationwide separation of 
biological waste and thus make fermentation-based biorefineries near urban centres 
more attractive, for instance as in Scenario 2. 
 
In conclusion, a novel method of scenario development has been developed that links 
insights from historical transition studies to specific contemporary foresight 
applications. By adopting a systems-level perspective and addressing niche, regime, and 
landscape influences, the resultant scenarios are richly informative for understanding 
how early technology decisions can generate alternative long-term futures. Decision-
makers can benefit from an appreciation of the underlying dynamics and the identified 
intervention points, and also the importance of factors that might be outside their 
control, such as landscape changes and spill-overs from associated regimes. 
Incorporation of uncertainty into contingency planning could reduce the risk of such 
pressures leading to less desirable outcomes. 
 
A feature of each scenario is the level of technological ‘lock-in’ to future biorefining 
paradigms. This is a key result for systems in transition. Dominant designs can hasten 
change through linking niches through new standards, such as the biasing of research 
heuristics towards by-product molecules and platform chemicals. However, in 
circumstances in which resources are scarce and technological trajectories are strongly 
influenced by regime-regime co-evolution, encouraging more rapid introduction of a 
new technology can introduce new inflexibilities into the system and hence limit future 
options. Policy priorities could benefit from inclusion of measures to support continuing 
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renewal of technology configurations alongside the usual objectives to steer away from 
problematic technological trajectories. Trapping investments within changeable and 
policy-dependent markets is a ‘moral hazard’ that requires balancing stable investment 
horizons with low entry barriers for new entrants (Stenzel, 2008). 
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7 Discussion of the research results and concluding reflections 
 
The previous chapter outlined the influence of industrial co-evolutionary dynamics in 
four possible technological trajectories. By drawing out common patterns among the 
case studies and the historical analysis a number of policy implications were 
determined, based on the analytical framework developed in Chapter 2. In this chapter 
the aim is to look beyond the specifics of the case of RRM in the UK. The following 
sections discuss more general conclusions about the interaction of actors within and 
between socio-technical regimes. This is divided between the theoretical implications 
for the study of socio-technical transitions and empirical implications for understanding 
innovation systems for sustainability. 
 
In Chapter 1, four research questions were posed. In Chapters 2 and 3 it was ascertained 
that extension to existing analytical frameworks would be required to tackle them. Thus, 
this thesis aims to make relevant contributions to the existing literature based on four 
identified limitations of other published studies. Table 46 lists the questions alongside 
these limitations. 
 
Research Question Corresponding limit to existing literature  
1. What were the socio-technical dynamics of 
the transition from coal-based to 
petrochemical technologies in the UK? 
Absence of a structured analysis of the nature 
of the transition to petrochemical technologies 
in the UK and the implications for competing 
chemical and refinery models. Em
pi
ric
al
 
2. How was the transition to petroleum-
feedstocks for organic chemicals influenced 
by interactions with developments in the 
liquid-fuels production regime? 
Lack of a systematic method for incorporating 
regime-regime co-evolution in the evolving 
research area of socio-technical transitions and 
the MLP 
Th
eo
re
tic
al
 
3. What are the opportunities and threats for the 
introduction of RRM and biorefineries into 
the UK chemical processing industry and 
what scenarios might be more sustainable in 
the longer term? 
Absence of a structured analysis of actor 
perspectives on competing uses for RRM, 
including those of policy organisations, 
feedstock providers and technology 
developers. 
Em
pi
ric
al
 
4. How can an understanding of the dynamics of 
chemical feedstock transitions inform and 
guide the technical and political debate 
regarding RRM? 
Lack of a systematic method for extrapolating 
historical transition dynamics into foresight 
analysis. 
Th
eo
re
tic
al
 
Table 46. Summary of research questions and gaps in the literature94 
                                                 
94 For a summary of the overall research process, objectives and methods, see Figure 1 (Section 1.2). 
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The empirical questions 1 and 3 have been discussed in Chapters 4 and 6 respectively. 
This chapter focuses on the theoretical questions 2 and 4. 
 
The chapter is structured as follows: Firstly, the analytical framework set out in Chapter 
3 is revisited in Section 7.1. Insights from the study of innovation and transformation in 
organic chemical feedstocks are adopted to suggest an enriching of the MLP, 
predominantly with a proposed co-evolutionary mechanism that connects actor groups 
engaged in the diffusion of innovative technologies. Section 7.2 then considers the 
messages derived from the research for socio-technical approaches to technological 
uncertainty and decision-making, including discussion of the limits of such an approach. 
Section 7.3 addresses the generalisability of the analytical framework and offers some 
recommendations for future research, whilst Section 7.4 closes the chapter and the 
thesis with some concluding reflections. 
 
7.1 Discussion – A framework for understanding past and future chemical 
feedstock transitions 
Throughout this thesis it has been argued that transitions research should take note of 
interactions between regimes that underpin systemic changes. The analytical framework 
developed in Chapter 2 was designed to capture this premise by linking the levels of the 
MLP with the specific dynamic structure of the innovation system encompassing RRM. 
Application of this framework to each of the research phases allowed direct comparison 
of similarities and differences between identified historical and foresight results (Table 
47 and Table 48). The ability to link methodically the two phases of research was a 
particular strength of the framework. 
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Landscape changes created the 
protected spaces for niches to 
grow and link up 
Societal changes provoked disruption of the existing 
technological trajectory in both the historical and the 
contemporary periods. In the historical period it was alcohol 
consumption, energy security concerns, economic protectionism 
and the consequences of a global economic depression. In the 
current period it is climate change, energy security, waste 
management and agricultural reform. 
The two regimes exhibited 
opposing niche dynamics in both 
periods 
In the transitions studied, technical change in the liquid fuels 
regime was led by pursuit of large-scale standardised products 
(e.g. gasoline or ethanol), whilst companies engaged in plastics, 
solvents and lubricants on the basis of valuable functionality. 
Si
m
ila
ri
tie
s 
There was early recognition of 
the benefits of integration of the 
two regimes on the basis of one 
or other of the competing 
feedstocks, but this was not 
realised in the near-term 
In the historical period, the technical specialisation phase was 
prolonged by technological uncertainty resulting from 
conflicting firm strategies and institutional arrangements. This 
mitigates against fast adoption of new technological 
configurations in industries dominated by large firms with 
macro-economic influence. Ultimately, rapid deployment was 
achieved through formation of partnerships, a process that has 
begun for RRM. 
Table 47. Similarities identified between the two transition phases studied at the three MLP levels 
 
Although there are differences between the technologies relevant to petrochemicals and 
RRM, there are also a number of similarities in the underlying transition dynamics that 
offer some insights for future scenarios. Whilst the firms, niches and technologies using 
RRM are more heterogeneous than in the earlier period, a socio-technical perspective 
suggests that this variety can be primarily attributed to additional colliding landscape 
pressures in the pre-development phase. These pressures can be conceived as 
compressing a collection of differently-sized bubbles into a funnel – some will burst and 
others will merge together along the way. Depending on the standards around which 
firms and policies align, some niches will outlast others during technical specialisation 
and integration. Interviewees already perceive this process to be occurring and the 
analytical framework provides a method of classifying such developments. 
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There appear to be a greater 
number of coincident 
landscape pressures in the 
contemporary period 
This has the potential to contribute to a more diffuse disruption and 
a longer-term period of technical specialisation with several 
competing trajectories. For instance, pressure from waste 
management practices, climate change and resource sustainability 
could create niches with conflicting attributes unless standardisation 
is coordinated. 
The institutional landscape 
since the historical period 
In the historical transition policies were shaped by a mixture of 
protectionist policies on chemistry and trade, and internationalist 
policies on oil supply. European countries today have more 
coordinated industrial policies and fewer national champions. Pan-
European policy and research could help motivate technological 
change, but certain interests at an EU level could direct change 
towards a trajectory that does not suit the conditions in the UK. 
In the historical transition, 
only niches in the fuels 
market benefited from social 
preferences for an alternative 
feedstock. 
The raw material origin of organic chemicals was not a marketable 
feature. There is evidence that there will be more public 
engagement in the source of chemical feedstocks in the future, but 
that niche will need to align with broader industrial developments. 
There is an absence of an 
obvious biorefinery by-
product relationship between 
the two regimes in the 
contemporary period 
The fractions derived from petroleum distillation and cracking were 
dissimilar and suited differentially to the production of gasoline, 
diesel, turbine fuel or olefins. However, if competitive production 
of bio-ethanol relies on a large-scale fuel demand, other uses will 
need to outbid the energy value (including subsidy) of the molecule. 
Biorefinery designers will have to decide between optimising 
single-product plants or retaining the flexibility to wait-and-see. 
D
iff
er
en
ce
s 
At the regime level, there are 
differences in corporate 
structure 
Bulk chemicals majors have a more international outlook and 
presence, and many companies have focused activities around a 
smaller number of core capabilities. The consequence is that 
whereas, according to one interviewee, “ICI were able to look 10-
20 years ahead and support future technologies - they saw it as their 
role to support chemistry in the UK”, most funding is now shorter-
term, and frequently invested abroad where policy or markets can 
be more favourable95. 
Table 48. Differences identified between the two transition phases studied at the three MLP levels 
 
One key area in which the analytical framework extends previous work in 
understanding these developments is the co-evolutionary linkages between regimes 
undergoing change. In light of the results obtained from applying the framework in this 
thesis some conclusions can be drawn about how these linkages might operate. The 
following sub-section proposes a co-evolutionary mechanism that is consistent with the 
analytical framework and with the findings of the historical and prospective analyses. 
 
7.1.1 A co-evolutionary mechanism connecting actors and regimes in the MLP 
Both the historical research (Chapter 4) and the interview data (Chapter 5) offer support 
to the hypothesis that the following co-evolutionary mechanism operated in the studied 
                                                 
95 For example the decision to establish BP’s Biosciences Institute in California (BP, 2006). 
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regimes. Firstly, landscape developments opened up new market opportunities for 
technologies based on alternative feedstocks within the existing trajectory. Landscape 
developments included societal attitudes to energy security or environmental protection, 
and policy changes in other regimes, particularly those that were independently familiar 
with the alternative feedstock. The initial opportunities arose in organic chemicals or 
liquid fuels, but technical similarities and previous experience of co-evolution created 
some level of hype and expectation for the new feedstock in both regimes. Secondly, 
firms and institutions began to formulate strategy in the new niche areas. In fuels the 
first movers included global firms with access to distribution networks and lobbying 
influence. In chemicals the first movers were firms whose core capabilities could 
integrate the new materials and add value through diversification; these were smaller 
firms plus outsiders experiencing problems in their traditional regimes. Incumbent large 
firms were reluctant to take on new risks and new infrastructure, and were particularly 
wary of having less control over their feedstock supply chains. 
 
The subsequent process of integration of the regimes is not yet underway for RRM. In 
the petrochemicals experience integration was viewed as a long-term objective in both 
regimes, but firm strategies did not align sufficiently to make it attractive in the short-
term. Firm strategies were heavily influenced by competing policy signals that came 
partly from extensive lobbying from firms in both regimes (and outsiders such as the 
distillers) to win concessions for their existing capabilities, which could link the regimes 
and shape the integration process. Not until these policy processes and corporate 
strategies were aligned did virtuous feedback cycles of growth push integration rapidly 
in one direction. This alignment process was significantly altered by landscape changes 
that included the pressures of war and rebuilding, and changing consumer preferences 
about synthetic materials. 
 
Finally, in both regimes the penetration of the new feedstock displaced previous 
structures and value chains. This established new models of institutional engagement 
and technological routines that introduced a new set of path dependencies. Technical 
features of the new feedstock, such as import/export balances and by-product 
relationships, defined not only spatial distribution and dominant designs but also 
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strategic partnerships and institutional frameworks. The new institutional framework 
came to reflect the new organisational configurations as the old sponsoring departments 
of the mining and allied industries no longer reflected the concerns of the vertically 
integrated petroleum multinationals. Thus, the final institutional steps involved the 
evolution of institutions to reflect the new model of integration. Technically, a key final 
step was the displacement of the last platform chemicals – i.e. from benzol to petroleum 
BTX. This process is represented in Figure 49. 
 
 
Figure 49. Representation of the proposed co-evolutionary mechanism linking regimes 
 
Figure 49 shows a key result of the foresight analysis: that the ongoing co-evolution of 
the organic chemicals and liquid fuels regimes along a mutual technological trajectory 
based on RRM is not a foregone conclusion. The underlying dynamics outline a strong 
case for co-evolution; yet two fundamental considerations weigh against the large-scale 
proliferation of integrated biorefineries. Firstly, the potential scale of the available 
biomass resource mitigates against a rapid displacement of petrochemicals. Secondly, 
the by-product relationship between liquid fuels and platform chemicals is uncertain in 
comparison to the transition to petrochemicals. These two factors will influence the 
strategies of firms and governmental institutions in both regimes and how they interact 
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with each other. The two regimes may not align around dominant designs that link the 
two regimes strongly and may develop partly independent technological trajectories96. 
 
7.2 Discussion – A method to inform decision-making through scenarios 
The research process presented sequentially in this thesis, from literature review to 
scenario construction, aimed to address the research questions. This section evaluates 
the strengths and limitations of the methodology in the context of transitions studies and 
biorefining in the UK. 
 
7.2.1 Using the past to explore the future97 
Steward (2006) has stated that whilst the MLP has successfully conceptualised 
innovation in relation to a prevailing domain of socio-technical practices rather than 
technologies or market segments, it is a ‘challenge to move from the retrospective to the 
prospective’. The sequence of steps, from process analysis of historical events to causal 
loop construction, contemporary case studies and foresight scenarios, proposes a 
systematic method of addressing this challenge. At the heart of the process lies the 
identification of the underlying themes and tensions that have an enduring impact on the 
technology selection environment. For the analysis of sectors with a history in the 
institutional ‘jurisdiction’ of interest, this process offers a consistency and relevance 
that analogies with past transitions in unrelated technology areas cannot98. 
 
The case study research into the contemporary innovation system appears to have 
proved fruitful. As noted in Chapter 3, care was taken to reduce biases and increase 
validity, in accordance with recognised techniques. Saunders et al. (2007:315) state that 
semi-structured interviews ‘are best when  the questions are either complex or open-
ended, where the logic and order of the questioning may have to be varied.’ Because the 
intention was to hold thematic discussions in which the different actor groups could 
                                                 
96 Indeed, the first of these factors would not affect the re-introduction of coal-based feedstocks to address 
oil price concerns. Integrated facilities using coal gasification have been proposed and, furthermore, have 
gained commercial interest in China and the US (CCR, 2009; Diercks et al., 2008; Secure Energy Inc., 
2009). 
97 This relates to Research Question 4: How can an understanding of the dynamics of chemical feedstock 
transitions inform and guide the technical and political debate regarding RRM? 
98 The wider applicability of the method is discussed further in Section 7.3.1. 
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discuss their opinions freely, the use of semi-structured interviews was judged 
appropriate and appeared to work well. Most discussions were consistent with the 
proposed causal loop dynamics, moreover, indicating the relevance of the retrospective 
research. Thematic coding analysis then made it possible to locate patterns in the 
unstructured interview results, and the historical dynamics indicated how particular 
tensions could affect technological change over timescales of decades. 
 
Berkhout et al. (2003) have raised concerns that the ‘descriptive’ MLP model has been 
too niche-based and that it has overlooked some ‘top down’ processes that may play a 
crucial role in linking technologies. This is echoed by the assertion of Konrad et al. 
(2008) that in MLP studies empirical implications are often highlighted by way of 
illustrative examples, rather than an understanding of system structure. The danger of 
illustrative examples is that they can be subjectively employed to fit theory. In this 
thesis, a process analysis of events has been coupled with the use of causal loop 
diagrams to align a wide variety of sources with the analytical framework. The 
unambiguous connection of events through causal linkages leads the researcher 
backwards towards the cause of niche creation, which in the studied transition was 
found to be largely related to landscape pressures on policy (sometimes in unrelated 
regimes) and to firm strategy. This has grounded the prospective analysis in both ‘top 
down’ and ‘bottom up’ influences. System structure in this study thus incorporates 
multiple socio-technical levels. 
 
Markard et al. (2009) argue that ‘scenario methods often lack a theoretical foundation’ 
that accounts for systemic interactions between actor decisions, institutions and 
cumulative effects. Chapter 6 introduced four scenarios that are grounded in the 
analytical framework and populated by data from both the retrospective and prospective 
analysis. The socio-technical scenarios are built around the dynamics of the co-evolving 
systems rather than particular technologies. This acknowledges the social-constructivist 
theory which suggests that long-term social reconfigurations can be as important as 
optimal technical configurations in dictating technological trajectories (see Section 
2.2.1). Of particular importance in this process was a focus on the possible path 
dependencies of adaptive expectations, as revealed in the interview data; path 
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dependencies are central to cementing new dominant designs and actor networks99. 
 
This research into using the past to explore the future has been predominantly 
qualitative. The socio-technical perspective lends itself to qualitative methodologies 
such as historical narratives and interviews. It does not, however, discount the utility of 
quantitative work, but rather seeks to complement such approaches. Morecroft 
(2000:19) asserts that ‘the ability to bring a model to life, to see the consequences of 
structural assumptions, to try out ‘what-ifs?’ and to challenge managerial intuition are 
significant advantages that system dynamics has to offer over purely qualitative 
mapping frameworks.’ Retrospective analysis is able to uncover underlying linkages 
between social and technical aspects. Not only are these difficult to quantify, but their 
numerical relationships are liable to alter between two different periods of study; 
increases in the use of venturing investment models and modern process efficiencies are 
testament to this. For foresight there may often be more value in limiting quantitative 
work to areas such as simulating the effects of policies, estimating possible real, 
financial or human resources implied by scenario trajectories or even computing the 
values of taxes within the scenarios. One major challenge would be the assessment of 
global biomass potentials100. 
 
7.2.2 Co-evolution of socio-technical regimes101 
This thesis leaves no doubt that in the UK and elsewhere there is a link between the 
production of chemicals and fuels from petroleum, an assertion that had been made 
elsewhere (Ruttan, 1997:1523). Consequently, it has been possible to extend the 
analytical framework by proposing a mechanism for co-evolution of interdependent 
regimes, such as the organic chemical and liquid fuels regimes (Section 7.1.1). This 
                                                 
99 Acknowledgement of the importance of expectations is a contribution of social constructivist 
perspectives, which have described how the legacy of expectations shared within certain communities can 
become the basis for future envisioning, or ‘predisciplining of the imagination’ (Borup et al., 2006). 
100 The Biopol consortium suggests that a further 10% substitution of petrochemicals in the EU by 2030 
would require ~10% of the available EU biomass resource, whilst 30% would require ~30% (Biopol, 
2009). These figures indicate that the volumes required are not trivial. Modelling economic decisions and 
the vast range of potential future downstream uses, costs, ecological impacts and sources represents a 
highly complex problem. 
101 This relates to Research Question 2: How was the transition to petroleum-feedstocks for organic 
chemicals influenced by interactions with developments in the liquid-fuels production regime? 
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section discusses the implications of these results. 
 
Previous studies in history or economic geography have treated the regimes either as 
one unified industry (Chapman, 1973a) or focused on one independently (Morris, 
2005). In this study, while the focus was on chemical feedstocks, in order to understand 
better the long-term relationship between the two sectors and their raw materials, liquid 
fuels were not treated simply as a landscape pressure. Instead, by considering the two 
co-evolving regimes the aim was to endogenise both within the overall system studied. 
The analysis demonstrated that co-evolution of the two regimes was a dominant 
dynamic: changes in the selection environment in one regime affected the selection 
environment in the other. This result does not indicate that the two regimes are 
inseparably unified; rather it indicates that because they are both evolving and exerting 
mutual influence on each other it is likely to be inappropriate to treat them 
independently. For example, in the historical period the cross-fertilisation of 
technologies, (by-)products and capabilities between the two regimes acted as important 
catalysts for the establishment and continued development of petrochemical sites in the 
UK. There is evidence that similar dynamics are acting between the biofuels and bio-
based chemicals fields today. 
 
Raven (2007) has written that ‘transitions in single regimes are already very complex 
processes involving multiple actors, rules and technologies. Broadening the 
management scope to multiple regimes may in fact be impossible in practice.’ The 
demands of the research methodology described in this thesis are significant and time-
consuming. Yet in technology areas where interconnections between regimes are found 
to be fundamental to the technological trajectory, the research in this thesis suggests that 
they should be taken into account. If, during retrospective analysis there is no clear 
linkage to an associated regime, then the decision to exogenise other regimes may be 
prudent. The analytical framework can accommodate such flexibility. 
 
Applying the analytical framework to the research question highlighted two areas of 
continuing debate to which this thesis contributes: the definitions and analysis of co-
evolution and regimes. Murmann (2003:22) warns that ‘co-evolution may be mimicked 
242 
 
 
by such things as sequential adaptation from different causes or simultaneous adaptation 
to the same environment’: to identify regime-regime co-evolution one must locate the 
flows operating between system components. Murmann, and others who have studied 
co-evolving technologies, firms and institutions, have found capabilities-based 
lobbying, personnel movements and commercial ties to be influential causal links 
(Murmann, 2003; Stenzel, 2008; Van Den Bergh and Stagl, 2003). Each of these links 
and flows has been identified between actors in different regimes for the two periods 
studied here. Co-evolution of regimes also necessitates causal links at the regime level: 
the transfer of knowledge about chemical reactions and process engineering between the 
two regimes by independent technology developers is an example of reciprocal 
interdependency in this regard. Several of the causal loops developed in this thesis to 
aid foresight, and based on the historical dynamics, suggest the opportunity for firms to 
engage in positive feedbacks leading to dominant designs. 
 
Winder et al. (2005:356) suggest that ‘as a general ‘rule of thumb’, the decision to 
represent co-evolutionary processes is best made when dynamic linkages between 
populations are strong and the selective stresses they impose on each other are manifest 
and reasonably well understood.’ In this thesis, two populations were delineated by 
whether their primary activity targeted organic chemicals or liquid fuels production and 
use. This distinction was made using accepted industrial classifications. Holtz et al. 
(2008), have also argued that regime specification should adhere to a number of criteria: 
purpose, coherence, stability, non-guidance, autonomy. Two insights have emerged 
from this thesis to assist regime specification. Firstly, in the case of organic chemical 
production the industry is coherent and stable, as evidenced by its industry associations 
and institutional ‘sponsoring departments’. However, this is at the expense of fulfilling 
a clear societal purpose, as the manufacture of chemical intermediates is connected 
diffusely to a vast proportion of the downstream economy. The important corporate and 
institutional consistency within the chemical industry suggests that purpose may in 
some cases be traded for coherence and stability when defining regimes. 
 
Secondly, the level of autonomy of a regime is inevitably reduced in the presence of co-
evolutionary dynamics. This suggests that in the application of the MLP, when framing 
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the regime(s) under consideration, care should be taken to identify potentially co-
evolving regimes by their autonomy and the resulting emergent properties that guide 
actors. Reduced levels of autonomy consequentially reduce the capacity for purposive 
agency in transitions (Berkhout et al., 2003). Smith et al. (2005) argue that coordination 
of a regime’s internal and external resources can lead to purposive transitions that might 
be managed by policy. However, a co-evolutionary analytical framework recognises 
that such regimes often operate far from equilibrium and that ‘purpose’ is only 
applicable at a system level. 
 
In answering Research Question 2, this thesis has shown how a co-evolutionary 
analytical framework can help to broaden the system boundary to endogenise the main 
historical dynamics that could underpin future development paths. Such a framework 
also reveals the disadvantages as well as the advantages of technological integration. 
Thus, there is precedent in both the petrochemicals and coal-based industry that the 
result of integration was a greater degree of path dependence and lock-in. Transitions 
along a given path have undoubtedly been driven by integration of the regimes at 
spatial, corporate, and process levels. This has been accompanied by irreversibility and 
inflexibility to respond to subsequent landscape changes. Coke, benzole (gasoline), tar 
and derivatives factories became attached to collieries during the dominance of coal. As 
the landscape shifted to favour petroleum for one of these products there was great 
pressure on policy to support it so that the economics of all the associated processes 
could be maintained. Thus, for example, the low temperature carbonisation process was 
pursued in the mid-1920s to assist coal communities to diversify economic activities 
through conversion of coal to liquid fuels. The major product of the process was 
actually smokeless fuel, which then required legislative support itself (HC Deb, 1934). 
 
While rapid integration of both chemicals and fuels in biorefineries may seem attractive 
from a sustainability perspective, it should also be understood in terms of the potential 
risks of irreversibility and constrained adaptive potential in future landscapes and 
system goals. 
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7.2.3 Suitability for guiding policy and strategy102 
In Section 7.2.2 co-evolution was discussed as a reason why a priori and a posteriori 
views of history are so often strikingly different. While retrospective analysis can easily 
see all trajectories converging on the present situation, a host of unresolved 
contingencies are usually seen when looking forwards into the future (Winder et al., 
2005). In this thesis the underlying tensions behind these conjectured competing futures 
have been grouped into four scenarios, according to synergistic outcomes. Several 
idealised technical configurations have been suggested elsewhere for biorefineries, as 
described in Chapter 1. Despite widespread advocacy of the projected environmental 
and economic benefits from the production of chemical products from integrated 
biorefineries, such facilities have not yet progressed beyond the conceptual planning 
stage in the UK. It is suggested here that the four socio-technical scenarios could help to 
inform and perhaps guide policy towards longer-term systems-thinking. 
 
Hofman et al. (2004) argue that in the construction of scenarios the ultimate socio-
technical goal and end-date should be specified. However, research in the area of RRM 
reveals that, despite some optimistic claims, there is little real prospect for a complete 
transition to RRM in organic chemicals, or liquid fuels (Field et al., 2008; Gravitis and 
Senta, 2001; Hoogwijk et al., 2003). Both are embedded within a globalised trade 
system, and subject to highly variable demand. This is unlike the national electricity 
systems studied by Hofman et al. (2004). In this thesis the end goal is considered to be 
the expansion of the use of RRM in the UK to an industrial scale, displacing some 
petrochemical products on a commercial basis and placing UK industry on a more 
sustainable trajectory. The end date has been placed at 2050, but, as mentioned in 
Section 7.2.1 with regard to ‘purposive’ transitions, flexibility should be incorporated to 
achieve sustainable outcomes in both regimes. 
 
The scenario methodology employed causal loop diagrams to help identify policy 
interventions that could stimulate virtuous cycles of change. By focusing on the 
                                                 
102 This relates to Research Question 4: How can an understanding of the dynamics of chemical feedstock 
transitions inform and guide the technical and political debate regarding RRM? 
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dynamics of the innovation system it can more easily be appreciated how technological 
change might be accelerated (positive feedbacks) and/or delayed (balancing feedbacks 
cultivating uncertainty). Complex systems can be considered as seeking more stable 
configurations through reducing the tensions experienced by actor groups (Winder et 
al., 2005:359)103. In light of this consideration, the roles for policy discussed in Section 
6.5 might usefully be grouped as follows104: 
► Linking together minor feedbacks through knowledge transfer (network 
creation); 
► Diminishing balancing cycles by pushing innovation or pulling markets in a 
direction (internal policy consistency; performance-related rewards; targets; 
standards); 
► Stimulating convergence around dominant designs or niches by helping 
feedbacks to overcome delays and thresholds (funding for demonstrations and 
infrastructure; amplifying price signals through taxation); 
► Reducing or increasing external spill-over effects (mandates; policy 
hierarchies); 
► Evaluating the emergent trajectory with regard to the long-term priorities, 
including system sustainability, reversibility and adaptive capacity (review). 
By providing this additional way to look at the policy problem, the analytical 
framework itself may be suggested as an aid to aid decision-makers as well as a basis 
for research. 
 
Indeed, transferral of the body of learning from transition studies to the policy 
environment has been cautiously attempted in the Netherlands and encouraged 
elsewhere. In the case of RRM in the UK it is difficult to contemplate the MLP 
approach as a basis for policy design. Primarily, this is because there is presently no 
consensus amongst regime actors in either regime on the ultimate goal of the 
introduction of RRM. The inclusive design of the analytical framework would be at 
odds with the statist position that governments should take a firm lead in steering 
                                                 
103 Winder et al. (2005:359) refer to these tensions as ‘stress levels’. 
104 Several of these measures could clearly be complemented by quantitative analyses, for instance those 
by Ren et al. (2009) and Ren and Patel (2009), which look at a subset of biorefinery processes and 
products and predict costs and environmental performance in the medium- to long-term. 
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technological change. Instead, the scenario-based approach provides insights into how 
regime-level policy goals might be achieved through alignment of actions in support of 
technological niches or alignment of policies in co-evolving regimes. Such actions can 
be evaluated quantitatively for their contribution to climate goals and industrial 
objectives and qualitatively for their contribution to system change, including aspects 
such as spatial integration. 
 
Although the possible specifics of a transition management approach are not 
investigated in this thesis, the scenario approach yields an important caution. 
Stimulating and managing a long-term transition to sustainability requires consensus 
over a ‘transition objective’. The interview results suggest that in the case of RRM in 
the UK defining such an objective could be especially problematic. In comparison to 
biofuels, biorenewable chemicals actors do not have a consistent vision of their sector’s 
contribution to a more sustainable society. This is the result of antagonistic landscape 
pressures. 
 
Shove and Walker (2007) have suggested that the tools of transition management may 
be too intellectual and complex for realistic application. They warn that, to policy-
makers, the focus on caution, flexibility and revision of goals, ‘could be read as an 
invitation to abandon the whole endeavour’ (Shove and Walker, 2007:768). Because of 
the complex nature of the organic chemicals regime, as elaborated in the research 
reported here, a focus on initial decisions rather than strict long-term objectives is 
recommended. Rather than directing efforts towards comprehensive national transition 
objectives, there could be value in addressing the main policy uncertainties in order to 
provide near-term signals for longer-term development. The following four 
uncertainties are highlighted in this context: 
► Recycling vs. biodegradability; 
► The resource hierarchy and whether certain raw materials should be 
preferentially directed towards materials, power, heat or liquid fuels; 
► The pre-eminence of climate policy compared to other environmental issues and 
the time scale on which deep greenhouse gas emissions cuts need to be made; 
► The nature of a ‘bio-economy’ in the UK, in terms of the industrial landscape 
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and positive decisions about new – or preserved – spatial models of industrial 
integration. 
 
7.3 Discussion – Wider applicability 
A final aim of this chapter is to discuss whether the analytical framework and 
methodology could be applied more widely. Three aspects are explored in this section. 
Firstly, the potential of the co-evolutionary approach for translation to other innovation 
systems is discussed. This is followed by a discussion of the overall strengths and 
limitations of the methodology developed to operationalise the analytical framework. 
Several interesting avenues for future research are then developed from this discussion. 
 
7.3.1 Analytical framework and methodology 
The fields of innovations research and transitions theory are developing apace. The 
MLP as adopted in this thesis benefits from theoretical plurality, but is not the only 
socio-technical framework proposed. A parallel research theme is into ‘functions of 
innovation’ systems that need to be fulfilled to drive change (Bergek et al., 2006). Both 
approaches assert that innovation systems are complex and can engender wide diffusion 
if their elements are aligned around dominant designs. The MLP was chosen for this 
study of RRM as it is the more established framework and highlights the importance of 
niches, which are especially significant for innovations in the diverse global chemical 
industry. 
 
Markard and Truffer (2008) consider the different strands of the literature to be 
ultimately reconcilable in a framework that could be adapted to different research 
subjects: retrospective, prospective, or policy analysis. The advancement of this agenda 
could benefit from the results of this thesis because: 
► It is not necessarily the case that all regimes have strong co-evolutionary 
linkages to other regimes, but where they are identified and can be practicably 
incorporated, they can add richness that can enhance analysis of retrospective or 
prospective dynamics. 
► ‘Outsider’ actor groups are sometimes able to link regimes by enhancing the 
flows of knowledge without compromising the proprietary businesses of major 
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incumbents. Identifying the potential for catalysis of transitions by outsiders, 
and including their concerns within policy discussions is recommended. 
► Actors in historical transitions do not necessarily exhibit coherency of agency to 
make outcomes predictable. Rather, the technical specialisation phase of 
transitions is often characterised by high levels of unpredictability despite strong 
governmental efforts to steer technological change. This can, and perhaps must, 
be equally reflected in foresight applications by using socio-technical scenarios 
that are based not on specific outcomes or technological determinism, but 
technical and societal tensions. 
 
Smith et al. (2005:1492) rightly object to the treatment of technological transition as a 
‘monolithic process’ and stress ‘important differences in context’. Studies of historical 
transitions consistently uncover peculiarities of context as well as some much sought 
after more universal findings. The transition to petrochemicals in the UK is no 
exception. The research design in this thesis sought to study a given technology area 
over two periods within the same political jurisdiction. The results emphasise the 
importance of understanding the specific situation when generating foresight analyses 
that aim to say something interesting about how regimes might develop. In this context, 
it has proved important to appreciate the importance of the major incumbent chemical 
firms as potential product innovators, and the close relationship between these firms and 
their institutional context105. 
 
The introduction of causal loop diagrams to describe and illustrate the dynamics of 
technological change represents a theoretical innovation that could not be fully tested a 
priori. Throughout the research causal loops provided a reminder that system structure 
is a primary influence on technological trajectory, especially regarding long-term path 
dependent processes. Moreover, causal loop diagrams can help reveal the extent to 
which retrospective dynamics can be mapped onto the contemporary problem. They are 
also a useful alternative to a purely narrative description as they assist the identification 
                                                 
105 Stenzel (2008) concludes that in complex and highly regulated industries, such as the electricity supply 
industry, the threats to incumbents’ activities are likely to come primarily from institutional pressures 
rather than technological innovation. 
249 
 
 
of virtuous and/or vicious cycles. In some cases these causal loops could also lay a solid 
foundation for quantitative modelling. 
 
The wider applicability of this tool for communication of results requires more 
development however. The need to severely simplify the system structure to assist 
understanding is a limitation, along with the difficulties in verifying the accuracy of the 
representation of reality. The area in which causal loops have perhaps the greatest 
potential is as prompts during the interview process. They were found to be useful in 
testing interviewees’ mental models of a system’s dynamics – and those with a 
maximum of two feedback loops and up to six variables worked most effectively. For 
wider applicability, it is suggested that this technique should be tested thoroughly before 
use, in order to avoid breaking the continuity of the interview. 
 
The validity of the interview results reported here is moderated by the small sample size 
in each of the actor groups. As discussed in section 5.5, this is not a limitation per se, 
especially in the context of the small community of actors working on RRM in the UK 
today. However, it should be noted that the scenarios, conclusions and implications for 
policy are presently only valid only in the context of this sample. Because care was 
taken to choose a range of interviewees from each of the identified actor groups, and 
because considerable efforts were made to include the major firms referenced in early 
interviews, it is considered that the results are broadly inclusive and that further 
interviews would be unlikely to reveal new dynamics. However, for other applications, 
larger (or smaller) sample sizes might be appropriate. 
 
7.3.2 Suggestions for future research 
Amongst the areas that could not be explored in detail is a comparison of the situation 
in the UK with other countries. In the historical period, the UK, Germany and the US 
displayed divergent technological trajectories, both in terms of feedstocks and timing of 
the transition. Better understanding of the influences behind these differences, and 
whether the underlying dynamics differ, would be a useful complement to 
understanding how certain organic chemical feedstocks become favoured. All three 
countries are currently active in RRM and thus an opportunity presents itself for further 
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testing the scenario methodology. 
 
Two other potentially fruitful avenues for research were uncovered during this study. 
Firstly, several interviewees mentioned platform chemicals as important targets for 
RRM and they are also the subject of several initiatives in the UK (e.g. Skibar et al. 
(2009)). This interest seems justified by the historical study that documented how the 
low-cost supply of small functionalised molecules swung the debate from ‘how’ to 
produce chemicals from the new raw material, to ‘what’ to produce. However, it has not 
been possible to ascertain the mechanism by which this occurred or the scales or costs 
that would be necessary to stimulate the identified virtuous cycles and dominant 
designs. A more in-depth socio-technical study is recommended into this increasingly 
important technology area, possibly looking at the role of General Purpose 
Technologies (Section 3.1.4). 
 
Secondly, it is outside the scope of this research to develop a more general theory of 
regime-regime co-evolution. Yet the assertions presented in this chapter lack the 
authority of multiple studies into separate technology areas. Such research could further 
complement that which has been initiated by Raven (2007) and Konrad et al. (2008) and 
augmented here. With relevance to sustainability, consideration of food provision and 
waste management regimes, or of different utilities, might shed light on the prevalence 
of closely interacting regimes. 
 
Finally, to further develop the policy implications in Chapter 6, analysis of each of the 
four scenarios is commended. Long-term life-cycle GHG comparisons cannot be 
reliably estimated, but the different trajectories could be compared in terms of 
investment costs, economic scales of production and resultant import/export 
implications. This would provide a more complete understanding of the ‘fit’ of certain 
biorefinery models with UK capabilities and priorities, and the desirability of locking 
into the different pathways. 
 
7.4 Concluding reflections 
This thesis has shown that innovation systems are governed by positive feedbacks that 
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depend on actor strategies and initial conditions that can lead to path dependent 
technological trajectories and spatial distributions. From the retrospective analysis of 
the transition to petrochemicals in the UK, it has been shown that the technological 
trajectory of the organic chemical industry, in its longstanding connection to the liquid 
fuels industry, has for many decades been influenced heavily by governmental attempts 
to steer technological change towards a changing set of policy priorities. This process 
was accompanied by the attempts of industrialists to steer policy priorities towards 
maintaining or developing preferred technological trajectories. A number of parallels 
can be drawn with the current attempts of policymakers to achieve greater societal 
sustainability, and some of the resulting knock-on effects, including the responsive 
strategies of industrial actors. From the series of case studies and interviews with 
relevant actors, it has been learned that the current innovation system around RRM and 
biorefining is already experiencing some of the dynamics of regime disruption and 
competing designs. Table 49 summarises the main conclusions of the thesis that 
contribute to the overall picture described in this section. 
 
This thesis has not sought to judge the competing applications of biorenewable 
resources for industrial uses in the UK. The interview results provided the researcher 
with a fascinating overview of the various rational arguments for different future 
biorefinery models. What became starkly apparent from this work is that the rhetoric 
accompanying biorefinery discussions is far from the reality: the further displacement of 
petrochemical feedstocks on even a modest scale of 5-10% is a hugely complex 
challenge. 
 
Biorefining is not a purely scientific concept, meaning different things to different 
people and evading enshrinement in single designs. This does not imply that actors in 
the current technological regimes do not have clear ideas or what is, and is not, a 
biorefinery, but their divergent aims and understandings can often be interpreted as 
contributing to and arising from political and strategic expectations, rather than strictly 
scientific objectives. The socio-technical approach employed here to consider the future 
for RRM and biorefining in the UK reflects these concerns and highlights the ways in 
which they interact with the selection environment for new technologies. 
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Conclusion Implication Research 
question 
Thesis 
section 
1. In industries dominated by large firms 
with macro-economic influence, 
landscape pressures could be as important 
as niche developments, if not more so. In 
the case of organic chemicals and liquid 
fuels, this was enhanced by a mutual 
dependence between policy-makers and 
major industrial actors. 
There is value in considering top-
down (landscape-driven) and 
bottom-up (niche-driven) influences 
in research on technological 
transitions. 
1 4.4.7 
2. Seven main tensions can be identified 
in the chemical feedstock transitions 
studied here: societal pressures; policy 
priorities; strategic alliances; dominant 
designs; competing niches; spatial path 
dependence; co-evolution of regimes. 
Technological foresight in this 
technology area is likely to benefit 
from incorporation of socio-
technical considerations in these 
areas. 
1 and 3 6.3 
3. Regime-regime co-evolutionary 
dynamics influenced the trajectory of the 
technological transition to petrochemicals 
in the UK. They are also evident in UK 
discussions of RRM, but their effect on 
future transitions is still unclear. 
Co-evolution is a dynamic process 
and can both accelerate and hinder 
technological change. Thus, 
incorporating it in transition studies 
of interdependent regimes can add 
valuable richness to the results. 
2 and 3 7.2.2 
4. Socio-technical scenarios can be used 
to identify opportunities for RRM and 
biorefining in the UK from a systems 
perspective, and to appreciate whether the 
feedback cycles that underpin them need 
additional support. 
In the absence of further policy 
intervention, developments that are 
driven by biofuels technologies and 
integration with fossil fuel 
infrastructure are most likely. 
3 6.5 
5. Biorenewables chemicals actors do not 
have consistent visions of the future, due 
to antagonistic landscape pressures. 
Policies can benefit from dynamic 
systems approaches, such as the 
MLP, but setting transition 
objectives can be problematic for 
complex regimes. Alternative 
transition approaches might be 
sought that do not seek to ‘manage’ 
the transition in this way. 
3 and 4 7.2.1 
6. ‘Outsider’ groups of actors in 
transitions exhibiting regime-regime co-
evolution can accelerate technological 
change by linking the regimes. 
Engaging outsider groups (e.g. 
technology developers, feedstock 
suppliers) in actor networks is 
recommended to proponents of 
alternative chemical feedstocks. 
4 7.1.1 
7. High levels of uncertainty may 
continue to be a consistent feature of the 
technical specialisation phase of chemical 
feedstock transitions. Policies can 
contribute to this uncertainty if they are 
not aligned with actors’ expectations. 
Policy decisions on a number of key 
tensions may be required in the near-
term if RRM are to be commercially 
and sustainably introduced in the 
UK chemical industry in the 
medium-term. 
4 7.2.3 
Table 49. Summary of the main conclusions of the thesis 
 
There are numerous opportunities for the use of RRM in niche markets in the period 
2009-2025, including biodegradable packaging, biolubricants, cosmetics, nutraceuticals 
and phenolic resins. It is anticipated that all of these areas could be expanded, based on 
UK expertise and market demand, but they are all vulnerable to changing consumer 
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preferences and economic instability. To secure the wide diffusion of bio-based 
chemicals it is found that biorenewable feedstocks would need to substitute 
petrochemicals in bulk markets, such as construction polymers, on a commercial basis. 
This could be achieved in a number of ways, including: linking niche products through 
shared expertise to aid competiveness; encouraging national specialisation in particular 
platform chemicals from RRM that could guide the search towards families of 
derivative products; incentivising the incorporation of RRM into existing production 
processes. Each of these routes would require different combinations of skills and 
partnerships and could result from the pursuit of clear policy priorities; this includes 
acknowledgement that the UK may not wish to pursue all options, due to constraints on 
feedstock availability and cost pressures. 
 
Threats to RRM include continuing uncertainty in expectations for future technologies, 
and the danger of losing public support over conflicting messages about environmental 
benefits or GM technologies. The major threat to the options for UK biorefineries is 
competition for raw materials with other policy priorities: food security, renewable heat 
and power and biofuels. 
 
The oft-cited analogy between biomass- and oil-refining is questionable. Biomass 
fractions are a different prospect to the petroleum fractions which drove the 
development of large-scale petrochemical complexes. Expansion of biofuels production 
does not necessarily yield by-products suitable for commercial chemical production. 
Nevertheless there is a message from the co-evolutionary history of fuels and organic 
chemicals. Although output and technological development soared after the two regimes 
had become more closely aligned, this occurred after the foundations had been laid 
independently in each sector. The technologies for producing the major products of the 
subsequent petrochemical revolution (e.g. high octane fuel, polyethylene, PVC, nylon) 
were developed pre-1950 using coal, alcohol and furfural106. Changing to new 
feedstocks after 1950 gave a competitive strength and greater scalability. Yet aiming for 
integration in petrochemicals earlier would have been a complex strategy, with the 
                                                 
106 An aromatic industrial chemical derived from agricultural crops such as wheat bran and used as a 
solvent in petrochemical refining as well as in chemical products. 
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associated risks of developing multiple markets and processes concurrently. Thus, 
integration can be a process rather than a goal. 
 
Biorefinery integration can take different forms, spatially, corporately and in terms of 
processes and products. While it is an evolutionary process capable of generating 
momentum for widespread change, it also restricts future options by generating co-
dependencies between ventures that are subject to changeable societal preferences or 
market developments. In the near-term, production of bio-based chemicals on 
standalone chemical sites seems likely, as well as biorefinery hubs, clusters and 
complexes. This is, after all, the reality of biofuels and bioplastics production in Europe 
today. Scenarios that might be more sustainable in the long-term are those in which the 
early decisions consider synergies between niche markets, including: common biomass 
pre-treatment technologies, influential actor groups, policy priorities and potential 
platform chemicals. In co-evolutionary systems, a long-term perspective might delay 
future lock-in and enhance adaptive capacity, which could be valuable for policymaking 
under technological uncertainty. Feedstock-flexible technologies will confer an 
advantage in this regard. 
 
It is hoped that the approach taken and the analysis presented in this thesis might 
contribute to the building of a bridge between technical knowledge and political 
processes and decision making about prospective feedstock transitions. Whilst the 
analysis and findings relate specifically to the experience of the UK, it is suggested that 
the approach, including the use of the causal loop diagrams, to understanding 
interactions and dynamic processes within and between the organic chemical production 
and the liquid fuels production regimes is more widely applicable, and might help to 
inform and structure the current debate about technological transitions, especially those 
to renewable raw materials. 
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Appendix 1 Glossary 
 
1,3-PDO 1,3-propanediol 
1973 oil shock Following the US decision to re-supply the Israeli military during the Yom Kippur 
war, OPEC members decided to use their leverage over the world price-setting 
mechanism for oil to stabilize their real incomes by raising world oil prices. The 
global crude oil price quadrupled within a year, demand dropped sharply and concern 
for economic and energy security spread in OECD countries. Chemical companies 
suffered throughout the 1970s, especially after prices more than doubled again in 
1979 in the wake of the Iranian revolution. 
ACP African, Caribbean and Pacific Group of States 
ADM Archer Daniels Midland 
AIOC Anglo Iranian Oil Company 
APOC Anglo Persian Oil Company 
BERR UK Department for Business Enterprise and Regulatory Reform 
Biomass Vegetation or other plant material that can be converted industrially into useful 
energy, fuel or materials. 
Biotechnology ‘The application of science and technology to living organisms, as well as parts, 
products and models thereof, to alter living or non-living materials for the production 
of knowledge, goods and services.’ – OECD 
BIS UK Department for Business Innovation and Skills 
BP British Petroleum (now just known by the acronym) 
BTX Benzene, Toluene and (ortho-, meta-, para-) xylenes) 
CCS Carbon dioxide Capture and Storage (or Sequestration) 
Cefic European Chemical Industry Council (Conseil Européen de l’Industrie Chimique) 
CHP Combined Heat and Power 
CIA Chemical Industries Association 
Ciba Company for Chemical Industries Basel 
CPI Centre for Process Industry 
DCL Distiller’s Company Ltd 
DECC UK Department for Energy and Climate Change 
Defra UK Department for the Environment Food and Rural Affairs 
DfT UK Department for Transport 
DG Directorate General 
DG ENTR European Commission Directorate General for Enterprise and Industry 
DG ENV European Commission Directorate General for Environment 
DG RTD European Commission Directorate General for Research 
DG TREN European Commission Directorate General for Transport and Energy 
DIUS UK Department for Innovation, Universities and Skills 
DME Dimethyl ether 
DUKES Digest of UK Energy Statistics. Used in this thesis to refer to the sequence of 
statistical digests produced by the UK government to chronicle energy use trends 
since the mid-19th Century. 
EC European Commission 
EEC European Economic Community 
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ESRC UK Economic and Social Research Council 
Esso Eastern States Standard Oil 
ETBE Ethyl Tertiary Butyl Ether 
EU European Union 
Feedstocks Raw material used in an industrial process or machine 
Footloose A term applied to industries in which location of manufacturing firms is not 
dependent on local market or resource endowment. 
FT Fischer Tropsch 
GDP Gross Domestic Product 
GHG Greenhouse gas 
GIFNFC Government-Industry Forum on Non-Food Uses of Crops 
GM Genetically modified 
GMO Genetically modified organism 
ha Hectare 
HDPE High density polyethylene 
HEAR High Erucic Acid Rapeseed (same as HERO) 
HERO High-Erucic Rapeseed Oil (same as HEAR) 
HMF Hydroxymethyl furfural 
Hydrocarbons Any of a large group of organic chemical compounds that contain a carbon and 
hydrogen backbone, occurring notably in oil, natural gas and coal. 
IBIGT Industrial Biotechnology Innovation and Growth Team (BERR initiative) 
IChemE Institution of Chemical Engineers 
ICI Imperial Chemical Industries 
IEA International Energy Agency 
IP Intellectual property 
KBBE Knowledge Based Bio-Economy 
KTN Knowledge Transfer Network 
LCA Life Cycle Analysis 
LDPE Low density polyethylene 
Long-term 2025-2050 (although business decisions and policies are not made on these 
timescales, the foundations for future trajectories will be laid by decisions today, as 
demonstrated over the 45 years of the transition to petrochemicals). 
Medium-term 2015-2025 for the purposes of the scenarios in this thesis. 
MEK Methyl Ethyl Ketone 
MIT Massachusetts Institute of Technology 
MLP Multi-Level Perspective 
MMA Methylmethacrylate 
MSW Municipal Solid Waste 
NB Nota bene (note well / take note) 
Near-term 2000-2015 for the purposes of the scenarios in this thesis. 
NNFCC National Non-Food Crops Centre 
odt Oven dry tonnes 
OECD Organisation for Economic Cooperation and Development 
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OSR Oilseed Rape 
Petrochemicals Organic chemicals derived from petroleum or natural gas. 
PLA  Polylactic Acid 
PMMA Polymethyl methacrylate (Perspex or Lucite) 
PVC Polyvinyl chloride 
R&D Research and Development 
RDA Regional Development Agency 
REA Renewable Energy Association 
RFA UK Renewable Fuels Agency 
RRM Renewable Raw Materials 
RSC Royal Society of Chemistry 
RTFO Renewable Transport Fuels Obligation 
SCI Society for Chemical Industry 
SEF Specialised Engineering Firm 
SG Specific Gravity 
SRC Short Rotation Coppice 
SRF Short Rotation Forestry 
Stoichiometric A chemical reaction in which the relative proportions in which atoms or molecules 
react together to form chemical compounds in equal. 
Syngas A gas mixture that contains varying amounts of carbon monoxide and hydrogen. 
Examples of production methods include steam reforming of natural gas or liquid 
hydrocarbons to produce hydrogen, or the gasification of coal, waste or biomass. 
Syngas has less than half the energy density of natural gas. Syngas is combustible and 
often used as a fuel source or as an intermediate for the production of other chemicals. 
The chemical industry See Section 1.5 for definitions and descriptions 
UK United Kingdom 
UKERC UK Energy Research Centre 
US United States (of America) 
WWI World War One 
WWII World War Two 
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Appendix 2 Causal loops to illustrate co-evolution in one phase of the 
Dutch waste and electricity regimes 
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Appendix 3 Summary of relevant challenges facing the European organic 
chemicals sector 
 
The European chemical production system is entering a period of reflection with regard to 
feedstock sources. In the modern petrochemical industry, oil and gas inputs for both raw 
material and process energy compose around 50% of the operating costs. Current high energy 
costs are able to change the competitive landscape, and in Europe, which imports the majority 
of its petroleum supply, there is an evident discussion about future feedstocks. A dominant 
debate surrounds the potential for renewable raw materials (RRM) from agricultural and 
forestry resources to substitute fossil hydrocarbons in synthetic products such as plastics. A 
concurrent development is an intensification of interest in chemicals based on coal and heavy 
oils, of which ammonia from gasification of US coal is an example. These alternative raw 
materials could offer additional advantages such as biodegradability, reduced environmental 
impacts or access to stable local resources. Products from RRM are, however, especially 
constrained currently by high feedstock costs, uncertain technological efficacies, and low 
market values for new product properties. 
 
Several initiatives designed to exploit the anticipated social goods associated with renewable 
raw materials have yielded plans for the strategic introduction of RRM in chemicals (EC, 
2002; Errma, 2002; USDoE, 1999). Some have suggested that new production plants centred 
on ‘biorefineries’ will replace petroleum-based refineries in a future ‘bio-economy’ (Kamm, 
2004; Sheldon, 2008). Some of the difficulties in designing such industrial sites have been 
elaborated elsewhere (Chamboost and Stuart, 2007). 
 
1. 1. Environmental Challenges 
The use of large volumes of fossil fuels in the manufacture of chemical products presents a 
problem to society. Approximately half of the fossil fuel used by the industry is used for 
creating process energy, primarily as steam. The associated emissions from these combustion 
processes are of concern as they can harm local air quality and contain GHGs. Renewable 
energy, such as biomass, can substantially reduce lifecycle GHG emissions. 
 
The use of fossil fuels by the organic chemical industry as both fuel and feedstock has 
implications for the conservation of valuable resources. Fossil hydrocarbons are both energy 
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dense and well-suited for the production of basic organic chemicals. However, oil reserves 
are finite and there are suggestions that the supply conventional oil resources, on which the 
modern petrochemical industry is heavily dependent, may be nearing a global peak (Bentley 
et al., 2007, IEA, 2008). Investigation of alternative raw materials that can maintain output of 
plastics and other chemical products, many of which are central to modern energy efficient 
materials such as insulation,. Renewable raw materials are an attractive prospect as their 
processing requires considerably less process energy than that of coal. Coal reserves are also 
known to be finite. 
 
In Europe, and other countries, waste is an environmental problem. Space for expanding 
landfill is a diminishing resource and there are EU efforts to employ the waste hierarchy1 to 
reduce waste being directed to landfill. Many chemical commodities, such as plastics, build 
up in the environment and do not degrade. To address this issue, chemical producers can: 
reduce the amount of product needed to provide the service offered; improve the recyclability 
of products or use waste material as feedstock; produce biodegradable or compostable 
materials; or use energy recovery from waste to provide process energy. Polymers produced 
from RRM are often naturally biodegradable and can therefore improve the environmental 
performance of plastic products. 
 
The toxic effects of some chemicals are cause for concern. Halogenated chemicals have, for 
example, been subject to environmental regulation in Europe and the US for many years. The 
REACH Directive, a recent piece of EU legislation has increased the pressure on chemical 
manufacturers to demonstrate the safety of their products in the environment (Angerer et al., 
2008). RRM in chemical products often offer a competitive route to products that are able to 
replace petrochemicals that have toxic impacts. Replacement of phenol-formaldehyde resins 
by resins based on vegetable oils is an example. 
 
The sustainability of some biofuels has been challenged in several recent scientific and 
political publications, presenting questions about whether and how to support their future 
development (EAC, 2008a; , 2008b; Fargione et al., 2008; Mitchell, 2008; RFA, 2008; 
Searchinger et al., 2008). It is increasingly being suggested, moreover, that the greatest 
environmental, economic and social benefits might be achieved by the use of non-food 
                                                 
1 Reducing waste is the target, and any waste still generated should be reused, recycled, undergo energy 
recovery, or disposed of (in order of preference). 
A7 
biomass resources, exploitation of the whole feedstock and, where possible, production of 
high value co-products. Navigating between RRM technologies that could increase the 
damaging impacts of increased non-food use of biomass and those that can improve the 
sustainability of non-food and biofuels uses presents a challenge to chemical producers. 
 
2. 1. Economic Challenges 
Several current economic trends that relate to feedstocks present challenges to the chemical 
industry in the UK and Europe (DTI, 2005; Epobio, 2007). 
► Slower growth in mature markets, with new demand arising primarily in rapidly 
developing areas such as China. 
► New low-cost producers (developing countries) are competing in what used to be 
traditional markets for USA, Japan and Europe. 
► Environmental and toxicological concerns are slowing down new product 
introductions. 
► Mature businesses are consolidating through mergers, acquisitions and alliances, 
creating new business structures. 
► An apparent consumer appetite for products made from renewable raw materials in 
Europe that presents new market challenges. 
► Petrochemical feedstocks have exhibited high levels of price volatility. Figure A1 
shows the trend up to 2005, since when the prices have reached 60¢ in 2008 and 
collapsed in early 2009. 
 
The overall picture presented by Hodges et al. (2008) is that the new low-cost producers in 
the Middle East and Asia are coming on line following a period of financial liquidity up to 
2007. They are utilising ethane from petroleum refining, which, under a slow growth scenario 
will outcompete European naphtha-based production (Ismaiyatim, 2008). This disruption 
could lead to vertical integration amongst existing European producers. The highly integrated 
petrochemicals sites, and the difficulties of transporting gaseous feedstocks, could make the 
ability to ‘roll-through’ prices more attractive (Hodges, 2008). 
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Figure A1. Price developments for ethylene and propylene (Drumm, 2006) 
 
Thus, the European chemical industry faces a challenge to compete against new 
manufacturing regions that are potentially able to match low-cost feedstocks with future local 
demand growth. Innovation in the area of biotechnology has been proposed as a route to new 
products and lower cost production. New markets in OECD countries, such as those for more 
sustainable products, could be targeted by chemical firms using biotechnology. ‘Industrial’ or 
‘white’ biotechnology involves the use of RRM and is an area of focus for the OECD in this 
regard (OECD, 2001). Its application often requires challenging new alliances between firms 
that possess knowledge in these two industry areas (BERR, 2008). 
 
Globally, several chemical firms have recognised the potentially detrimental impact of a 
long-term high oil price or feedstock supply constraints. This has prompted R&D activity into 
alternative feedstocks that might become competitive with petroleum in such a scenario. In 
addition, the emergence of a significant biofuels industry has opened opportunities to for 
chemical firms to apply their knowledge in the areas of advanced biofuels production, or 
utilisation of biofuels by-products as inexpensive chemical feedstocks (NRC, 2005). The 
complex supply chains that serve the broad diversity of end-users of chemical products pose a 
challenge to those seeking to make alternative feedstocks competitive with the existing 
regime. 
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3. 1. Political Challenges 
Many of the issues affecting industry and the environment have political interest in the UK 
and Europe. Support for industrial chemical research into new feedstocks that could help 
maintain the industry in Europe is an example. EU intervention in generating biofuels 
demand is another example, along with the REACH legislation on the safe use of chemicals. 
The challenges relating to RRM are complex and are described in Chapter 5. Governments 
recycling objectives could conflict with desires to promote biodegradable plastics that cannot 
be recycled (Parliament, 2004). Climate change is also a major concern for governments and 
the UK has set binding targets for GHG emissions from industry. 
 
A resurgence in concerns over the geopolitical security of energy supplies is a political issue 
that directly affects the European chemical industry (CIA, 2006). The desire for energy 
security is a contributory factor in political support for biofuels, a ‘bio-economy’, new coal-
based power generation, research into coal-based liquid fuels, and retention of a UK oil and 
gas industry. How these policies are defined and how they compete globally will affect 
availability of some chemical feedstocks. 
 
Another challenge for policymakers is the recognition that feedstock choices made today 
through infrastructure purchases will constrain decisions for 20-40 years. The infrastructure 
erected 20 years ago plays a large role in the economics of today’s feedstock choices. 
Governments are therefore under some pressure to influence corporate decisions to ensure a 
technological system that is operational and environmentally acceptable in 20 years from 
now. Uncertainty about how the future will develop increases the risks of policymaking in 
this area. This thesis seeks to help reduce some of this uncertainty by developing techniques 
for incorporating socio-technical dynamics into scenario-building for the future. 
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Appendix 4 Example Interview Guiding Protocol – for biofuels firms 
 
Introduction 
► This interview forms part of a PhD study into possible futures for the use of biomass 
resources as chemical feedstocks in the UK in the period 2008 to 2030, plus a longer 
term perspective on the period to 2050 and beyond. 
► The final output will be a report on the current status of developments in the UK in 
this area with an analysis of the opportunities and challenges for advancing 
developments on the basis of existing capabilities, resources and intentions. My thesis 
aims to propose a number of interesting scenarios for the future and the policy 
approaches that might facilitate them. You are welcome to have a copy of this work. 
► A petrochemical revolution did not occur in the UK until there was an alignment of 
government policy (e.g. the tax regime), corporate alliances (e.g. BP and DCL, ICI 
and Phillips), and a belief in the future of oil as raw material. My interviews seek to 
test how these factors are shaping the current development of biomass feedstock (bio-
based products/biomass use/ biorefinery developments). 
► The purpose of this interview is to establish perspectives of people working in the 
area. It is not the intention to extract confidential information on technical processes 
or strategy. To the extent that such things are disclosed they will be treated 
confidentially and will not appear in my work in any attributable form. 
► Do you have any objection to my recording today’s conversation? 
► Just to reassure you, there are no ‘wrong’ answers to any of the questions. Most of 
them will be fairly open-ended and you are encouraged to elaborate on your answers. 
 
Background 
► What is your current job title? 
► Please introduce your organisation and its involvement in bio-based 
materials/biofuels? What future plans do you have in this area? 
► How highly do you rate the importance of renewable raw materials to your company’s 
business today? (Not important/slightly important/top priority) 
► Similarly, how highly do you expect the importance to be in 2030? 
 
Prompt 1 - Quote 
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► To what extent do you agree with the quote and how might you qualify it? 
 
 
Prompt 2 - Actor Network 
► With which of these other actor groups does your company have contact? 
o No contact 
o In existing operations    + 
o Contact regarding renewables  ++ 
o Have an alliance/partnership on renewables +++ 
 
 
Prompt 3a - Subsidised biofuels niche 
► Do you agree with the fundamental dynamics here? 
► What by-products spring to mind? 
► How do you think government incentives/oil prices/public acceptance might interact 
with these virtuous cycles? (one-by-one) 
Red herring 
looking for who 
they place in 
this group 
Technology 
Outsiders 
Insiders Feedstock 
Outsiders 
The quote was taken 
from the website of the 
government-sponsored 
Bioscience for 
Business organisation. 
A12 
► Are there any factors that are missing from this diagram? 
 
Prompt 3b - Runaway biorefinery capacity 
► These dynamics suggest cycles of capacity additions and ‘clustering’. Does this seem 
reasonable to you? 
► A number of studies have tried to identify groups of new ‘platform’ chemicals that 
could enable the expansion of renewables-based product families. Do you biorefinery 
success as dependent on supplying building blocks? Which? 
► Under what circumstances might biorefineries develop just for production of 
chemicals, or just for production of energy products? 
► How do you think government incentives/oil prices/success of 2nd generation 
biofuels/competition between technology platforms might interact with these virtuous 
cycles? (cover one or two of these) 
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Prompt 4 - Locations 
► Which factor do you think will be most important in determining the locations of pilot 
and commercial plants in the technologies you’re involved with? (proximity to 
feedstock/existing chemical facilities/markets) 
► How dispersed do you envisage the industry to be in future? 
► How might technological choice be related to location? (bio/thermochemical) 
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Prompt 5 – Scenario Matrix 
► Where would you place your activities on this matrix? Other firms’ activities? 
► Do you think that activities in the sector can be usefully represented in terms of these 
quadrants? 
► Where does your vision of biomass use in the UK fit in with the products and axes in 
this diagram? 
 
 
Closing 
► Has this interview provided you with any new ideas or changed the way you think 
about this issue? 
► How well do you think the causal loop illustrations describe the problem? 
► Any other questions/comments about the area that we have not touched on? 
► Thank you for your time! 
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Appendix 5 Case Study Summaries 
 
Akzo Nobel Interviewee Product Leader Renewables 
Employees 42 600 (2008) Turnover  7 billion (2007 GBP) 
UK operations Production (Gateshead; Birmingham; Slough; Leicester, Droitwich; Blackburn; Hull, 
Prudhoe, Stowmarket). 
Research (Gateshead; Birmingham; Hull, Droitwich Slough) 
Worldwide HQ in Amsterdam. Operations in >80 countries. 
RRM Activities Plans to use biodiesel glycerol for epichlorohydrin in NL; 
Introduced detergents from renewable amino acids in 2007; 
Has an adhesive based on bio-renewable raw materials; 
Developing investment plans to produce biofuels. 
Background Product of 1994 merger between Akzo (NL) and Nobel Industries (SW), which dates to 
1874. AkzoNobel acquired what was left of ICI in 2008, having already incorporated 
Courtauld’s. It is the world’s largest coatings manufacturer. 
 RRM Biofuels Biodegradability 
Annual Report 2007 1 ref 3 refs 1 reference 
Sustainability Report 2007 8 3 2 
Annual Report 2002 0 0 0 
Annual and 
Environmental 
Reports 
Annual Report 1997 0 0 0 
 
Avantium Interviewee CFO + Director of Biofuels/Chemicals 
Employees 100 Turnover  10 269 (2007 GBP) 
UK operations None yet. 
Worldwide HQ in Amsterdam. International outlook. 
RRM Activities Began investigating new biofuels molecules in 2005; have 16 patents in the area of 
biofuels and bioplastics production. 
Background Spun-out from Shell in 2000 to commercialise high-throughout catalyst screening 
technology. Now offers catalyst services to the oil/chemical industry and crystallisation 
services to the pharma industry. Completed an €18m venture funding round in 2008. 
Annual Reports N/A 
 
BASF Interviewee Head of Biotechnology Process 
Engineering 
Employees 95 175 (2007) Turnover  39.7 billion (2007 GBP) 
UK operations BASF’s UK HQ is in Manchester. Production operations in the UK are dispersed across 
various business units and include: natural gas at Saltfleetby, concretes at Swinton, 
construction coatings at Deeside, polyurethanes in Alfreton, Automotive coatings at 
Wantage. Agrochemicals research is conducted at Woolpit, Suffolk. 
Worldwide BASF is German chemical and is the largest chemical company in the world. The BASF 
Group comprises more than 160 subsidiaries and joint ventures and operates more than 
150 production sites on all continents. 
RRM Activities BASF has not moved in bioplastics, but has marketed a biodegradable petrochemical 
plastic since 1998. It is active in biotechnology and in research into fermentation routes to 
chemical. It has a research partnership with STFI-Packforsk a forestry company regarding 
RRM, although the larger area of research is on improving renewable feedstocks rather 
than products. 
Background BASF produces a wide range of chemicals, for example solvents, amines, resins, glues, 
electronic-grade chemicals, industrial gases, basic petrochemicals, inorganic chemicals 
and numerous polymer products. It abandoned consumer product lines in the 90s. 
 RRM Biofuels Biodegradability 
Annual Report 2007 9 4 0 
Annual and 
Environmental 
Reports Annual Report 2002 0 0 2 
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BERR Interviewee Head of Business Relations for Industrial 
Biotechnology 
Employees 3 360 (2007) Turnover  3 million (2007 GBP) 
UK operations Chemicals Unit represents the interests of the chemical industry. 
Worldwide Interacts with EU and third countries. 
RRM Activities Industrial Biotechnology Innovation & Growth Team launched in 2007 to capitalise on 
Industrial Biotechnology opportunities. 
Background Created in 2007, the Department for Business, Enterprise and Regulatory Reform 
responsibilities include company law, trade, business growth, employment law, regional 
economic development, energy and consumer law. 
Annual Reports N/A 
 
BiCal Interviewee Chairman 
Employees  Turnover   
UK operations HQ in Devon 
Worldwide Operations in Poland, Hungary, Slovenia, and the US. 
RRM Activities Works with power stations and advanced biofuels researchers. 
Background Europe’s largest Miscanthus developer and commercial producer. Benefited from 
Defra’s Bioenergy Infrastructure Grant Scheme. 
Annual Reports N/A 
 
Bioscience for Business KTN Interviewee Knowledge Transfer Manager 
Employees 18 Turnover  1 000 (2007 GBP) 
UK operations UK remit 
Worldwide N/A 
RRM Activities Launched an Integrated Biorefining and Technology Initiative (IBTI) engaging leading 
industries, government departments and research councils. With an initial £5 million 
budget for R&D it is designed to guide R&D for market relevant biorefining research. 
Background 1 of 24 (non-departmental) Knowledge Transfer Networks set up in 2007 by Department 
for Innovation, Universities and Skills (DIUS). 
Funded by Government, Regional Development Agencies, Devolved Administrations & 
Research Councils. 
Annual Reports N/A 
 
BP Interviewee Venturing Principal BP Alternative Energy 
Employees 97 600 (2007 Turnover  144 billion (2007 GBP) 
UK operations London HQ, 1300 filling stations, bitumen blending terminal (Llandarcy), bulk acetyls 
production (Hull), oil production (N. Sea), gas processing (Hull), refining (Thames 
Estuary), lubricants research (Pangbourne), biofuels research (Pangbourne) 
Worldwide Operations in 100 countries 
RRM Activities Developing a wheat-to-ethanol/butanol plant with British Sugar and DuPont at Saltend. 
BP Biosciences Institute was launched in 2007 at the University of California Berkeley. 
Has partnered companies abroad in japtropha and sugar feedstocks, and lignocellulose 
conversion, but is not currently blending biofuels in the UK. 
Background 3rd largest global energy company, with a UK history dating to 1909 when it held the 
concession for Persian oil. Until 2005 BP had additional refining and bulk 
petrochemicals operations at Baglan Bay and Grangemouth. 
 RRM Biofuels Biodegradability 
Annual Report 2007 0 0 0 
Sustainability Report 2007 0 14 0 
Annual and 
Environmental 
Reports 
Annual Report 2002 0 0 0 
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British Sugar Interviewee Development Manager for Technology 
Employees 85 000 (2007) 
(parent) 
Turnover  6.8 billion (2007 GBP) (parent) 
UK operations HQ in Peterborough. Produces 0.6 million tonnes white sugar annually from UK sugar 
beet at 4 East Anglia sites. One, at Wissington, is integrated with production of tomatoes 
(using CO2), betaine, animal feed and bioethanol fuel. 
Worldwide Operations in 43 countries. 
RRM Activities Since 2007 70 million litres annually of bioethanol have been produced. It is the UK’s 
only bioethanol fuel producer. Now looking at biochemical and biogas options. Working 
with BP and DuPont on a 420 million litre wheat-to-ethanol plant at Saltend. 
Background National Sugar Beet Association sought to establish an indigenous UK sugar industry in 
1909, absent due to colonial cane imports. Part nationalised under 1936 Sugar Industry 
Act. Became publicly limited in 1982. Has been owned by Associated British Foods 
since 1991. Current focus is on strategy to endure changes to the European Sugar 
Regime and quotas. 
 RRM Biofuels Biodegradability 
Annual Report 2007 0 8 0 
HSE Report 2007 0 2 incl. section 0 
Annual and 
Environmental 
Reports (parent) 
Annual Report 2002 0 0 0 
 
Cambridge Biopolymers Interviewee Directors 
Employees 3 Turnover  0.3 million (2007 GBP) 
UK operations HQ in Duxford. Pilot plant on Teesside. Research in Duxford. 
Worldwide N/A 
RRM Activities Established to develop and commercialise patented technology for the manufacture of 
thermosetting bioresins made from plant oils. 
Background Spun out of DuPont in 2000, after DuPont had bought Dalgety in 1998 and were not 
interested in this area of non-food technology. 
Chemical production began in Duxford with glue in 1892; the adhesives site has passed 
from Bird’s to Ciba to Huntsman. 
Annual Reports N/A 
 
Cargill Interviewee  
Employees 160 000 (2007) Turnover  44 billion (2007 GBP) 
UK operations 16 British locations for food, feed and chemical production from agriculture. UK HQ in 
Cobham. Bought Cerestar in 2002 and revamped their Manchester glucose plant 2005-
2008 so use UK wheat not French maize. Active in the UK since 1955. 
Worldwide HQ in Minneapolis. Operations in 67 countries 
RRM Activities Has a 25% shareholding in Greenergy's UK biofuel production business since 2006 and 
an interest in biodiesel in the UK; they already have production in Germany. Since 1988 
Cargill has been working on polylactic acid (PLA) starch. This was a joint venture with 
Dow until 2005 and with Teijin since 2007. Pilot production began in 1994 and PLA is 
now an established bioplastic. Cargill have since begun work on platform chemicals 
from oilseeds, which they produce and crush. 
Background World’s second largest privately owned company. Traces history to an 1895 grain 
storage facility in Iowa. Current activities include agricultural commodities, livestock 
feed, food ingredients, pharmaceutical ingredients and financial risk management. 
 RRM Biofuels Biodegradability Annual Reports 
Annual Report 2007 1 5 0 
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Centre for Process Innovation Interviewee Director of Advanced Processing 
Employees 50 Turnover  12 000 (2007 GBP) 
UK operations HQ on Teesside 
Worldwide International outlook 
RRM Activities Set up the National Industrial Biotechnology Facility in 2007 to enable testing of 
biotechnologies in pilot plant conditions. It aims to facilitate the development of 
biorefinery technologies in the UK. 
Background Established in 2004 by One North East RDA. A UK wide resource to stimulate and 
drive innovation within the process industries and help the UK chemical industry 
become more competitive. 80% funding is public, compared to 100% initially, and 
target is 0%. 
Annual Reports N/A 
 
Ciba Interviewee Head of Intermediates and Bioproduction 
Research 
Employees 13 000 (2007) Turnover  3 billion (2007 GBP) 
UK operations The Bradford plant is Ciba’s largest manufacturing plant globally, producing 
petrochemical intermediates and polymers, primarily based on acrylics, which are used 
in water and paper industry treatment processes. 
Worldwide HQ in Basel. Operations in 120 countries (incl. 61 production sites) 
RRM Activities Uses limited amounts of starch-based polymers in water and paper treatment chemicals. 
The Water and Paper Treatment Division has been investigating the use of bioprocessing 
and bio-based feedstocks since the mid-1990s. 
Background site was previously owned by Allied Colloids and was purchased by Ciba in 1998 In 
autumn 2008 Ciba was acquired by BASF and it is not yet clear how they will integrate 
the acquisition in to the parent company. 
 RRM Biofuels Biodegradability 
Annual Report 2007 0 1 0 
Annual Reports 
Annual Report 2002 0 0 0 
 
Clarifoil Interviewee Technologist 
Employees 8 400 (2007) 
(parent) 
Turnover  3 billion (2007 GBP) (parent) 
UK operations Clarifoil is the film division of Celanese Acetate, a subsidiary of Celanese. Clarifoil 
bioplastic is only produced at Spondon.  
Worldwide HQ in Dallas, operations in 13 countries. Interests in petrochemical polymers, 
engineering services and consumer specialities.  
RRM Activities Celanese is the leading manufacturer of cellulose acetate from wood pulp and cotton. 
Clarifoil is a biodegradable film used in packaging, insulation and specialist products. 
Background British Celanese started producing cellulose diacetate at Spondon in 1937 for aircraft 
applications. The UK’s first catalytic cracker for petrochemical acrylics and by-products 
was erected in 1947. Acquired by Courtaulds in 1957, merged into Acordis in 1998, then 
sold to Celanese in 2007. Filter tow was originally produced at Spondon as an extra 
outlet for cellulose, it is now the main product. 
 RRM Biofuels Biodegradability Annual Reports 
Annual Report 2007 0 1 0 
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Croda Interviewee Technical Director of Enterprise Technologies 
Employees 3 900 (2007) Turnover  0.9 billion (2007 GBP) 
UK operations HQ in East Riding. Manufacturing and research at Goole, Hull, Leek, Widnes. 
Worldwide Operations in 35 countries, including 21 manufacturing sites. 
RRM Activities 70-80% of their raw materials are from ‘natural or renewable sources’. Considers it’s 
facilities as ‘secondary biorefineries’. 
Background Founded in 1925 in Yorkshire to manufacture lanolin from sheep’s wool and since 
grown into a large speciality chemicals firm, focusing on personal care plus crop care, 
polymers and coatings. Croda was involved in developing camouflage creams and other 
things during WWII, the end of which forced broad diversification. Purchased Uniqema 
from ICI in 2006 and consolidated around speciality chemicals and RRM. 
 RRM Biofuels Biodegradability 
Annual Report 2007 2 0 1 
HSE Report 2007 0 1 0 
Annual Reports 
Annual Report 2002 0 0 0 
 
Defra / DECC Interviewee Workstream Manager for Renewable Fuels and 
Materials 
Employees 3 570 (2007) Turnover  4 billion (2007 GBP) 
UK operations The Department for Environment, Food and Rural Affairs is tasked with securing a 
healthy, resilient, productive and diverse natural environment. In 2008, tackling climate 
change internationally was moved into a new Department for Energy and Climate 
Change. 
Worldwide Interacts with EU and third countries. 
RRM Activities Defra’s policy portfolio includes the environmental and feedstock aspects of biofuels. 
Funds studies by the National Non-Food Crops Centre, set up in 2003 to support 
evidence-based policy on biofuels and biomaterials. 
Background Formed in 2001 to combine environment and agriculture. A Defra Government-Industry 
Forum on Non-Food Uses of Crops reviewed the subject from 2001-04. GIFNIC. Setting 
up the NNFCC was a result of this process; NNFCC has focused on construction 
materials, biopolymers, lubricants, and plant-based pharmaceuticals, in addition to 
biofuels. DECC is coordinating UK participation in the EU Renewable Raw Materials 
Working Group. 
Annual Reports N/A 
 
EC DG ENTR Interviewee Desk Officer for Lead Market Initiative for 
Bio-based Products 
Employees  Turnover  0.4 billion (2007 GBP) 
UK operations EU policy affects UK legislation, and is affected by UK actors. 
Worldwide In many technology areas the EU is the link to the global debate. 
RRM Activities Sustainability and EU competitivity concerns led in 2005 to the policy area known as the 
European Knowledge-Based Bio-Economy (KBBE). Within this, the Lead Market 
Initiative for Bio-based Products is led by the Directorate General for Enterprise & 
Industry (DG ENTR) was launched in 2008. 
Background The European Commission’s involvement with non-food uses of crops has traditionally 
been linked to agricultural policy under the Directorate General for Agriculture (DG 
AGRI). In the late 90s 2 different policy strands became involved: biofuels and 
industrial biotechnology. The latter is the responsibility of DG ENTR. These strands 
meet in the KBBE and biorefinery concepts, which was allocated substantial EU-level 
research funding in 2008. 
Annual Reports N/A 
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Huntsman Interviewee Polyurethane Core Science Research Leader + 
Technology & Marketing Planning Manager 
Employees 13 000 (2007) Turnover  5 billion (2007 GBP) 
UK operations Production (Wilton; Hartlepool, Billingham, Duxford, Llanelli). In 1999 Huntsman 
purchased ICI’s polyurethanes, titanium dioxide, aromatics and petrochemical global 
businesses. They have expanded pigments in the UK since 2000 and contracted 
commodity chemicals. 
Worldwide HQ of Advanced Materials and Polyurethanes in Belgium. Global HQ in Texas. 
Operations in 24 countries. 
RRM Activities Huntsman’s website says they ‘will increase [their] use of renewable materials as 
feedstocks’. Glycerol, biodiesel, vegetable oils, and bio-ethanol are areas they are 
looking at. The polyurethanes business is becoming active in this area. Some 
polyurethanes have long been produced from castor oil and sucrose. 
Background One of the world’s largest petrochemical firms. Founded in California in 1982 out of 
Huntsman Container Corporation whose first overseas facility was in England in 1976. 
 RRM Biofuels Biodegradability 
Annual Report 2007 1 0 0 
HSE Report 2007 1 1 0 
Annual Reports 
Annual Report 2004 0 0 0 
 
Ineos Interviewee INEOS Bio External Relations & Development 
Manager 
Employees 16 600 (2007) Turnover  22.5 billion (2007 GBP) 
UK operations HQ in Hampshire. Refining (Grangemouth); production (Grangemouth, Runcorn, Barry, 
Newton Aycliffe, Teesside, Saltend); Research (Runcorn, Lyndhurst). 
Worldwide 76 manufacturing facilities in 20 countries. 
RRM Activities Ineos Enterprises, formed in 2004, produces biodiesel. Ineos Bio has been developing 
more advanced bioprocessing since 2008. 
Background Formed in 1998 from a management-buyout of BP petrochemicals in Antwerp. Acquired 
other petrochemical and inorganic chemical assets being divested by other oil and 
chemical companies up to 2005. Upon acquisition of BP chemicals and refining 
businesses in became the world’s 3rd largest chemical firm. 
Annual Reports N/A 
 
Innovia Interviewee Market Development Manager of Sustainable 
Technologies 
Employees 1 400 (2007) Turnover  0.3 billion (2007 GBP) 
UK operations HQ in Wigton. Manufacturing in Wigton. 
Worldwide 4 production sites and 18 sales offices worldwide 
RRM Activities A leading bioplastics manufacturer, making cellulose films for food packaging and 
hygiene products. Based on the firm’s cellulose knowledge, they have marketed a 
biodegradable range since 2003. 
Background Established in 2004 when UCB Group divested its non-pharma assets. The film business 
was purchased by the European private equity house Candover Partners Ltd. The 
Wigton site started producing cellulose film in 1934, and moved into petrochemicals in 
1963 with ICI when propylene became a competitor. 
Annual Reports N/A 
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Ligno Synthetics Interviewee Director 
Employees 2 Turnover  0.5 million (2007 GBP) 
UK operations HQ in Darlington. Promotes development of thermochemical biomass processes in the 
UK. 
Worldwide N/A 
RRM Activities Focusing on a pilot scale pyrolysis plant for synthetic biodiesel, with some future 
ambitions for other chemical side streams 
Background Former ICI project engineer Peter Harrison became involved in design work for possible 
thermochemical biofuel production on Teesside in 2004, partly in conjunction with 
North East Biofuels. 
Annual Reports N/A 
 
Lucite International Interviewee Commercial Manager, European Polymer 
Business, with responsibility for monitoring 
RRM. 
Employees 2 100 (2007) Turnover  0.85 billion (2007 GBP) 
UK operations HQ in Southampton. Manufacturing (Teesside, Darwen). 
Worldwide 14 manufacturing sites globally and product sales in 100 countries. 
RRM Activities Following a successful recent change of feedstocks to ethylene, methanol and carbon 
monoxide for new Asian plants attention has turned to RRM as a future direction. 
Background Acrylic glass (Perspex) was developed by ICI in the 1930s. ICI Acrylics was acquired in 
1999 by Charterhouse Capital Partners LLP who formed Ineos Acrylics and then Lucite 
International. Lucite bought several of DuPont’s acrylics supply chain facilities before 
being acquired by Mitsubishi in late 2008. Lucite sells acrylic sheet, MMA, polymers, 
resins and bathroom solutions. 
 RRM Biofuels Biodegradability Annual Reports 
Annual Report 2007 0 0 0 
 
Metabolix Interviewee Chief Scientific Officer 
Employees 80 Turnover  0.8 billion (2007 GBP) 
UK operations None yet, but interested in the UK as a promising market. 
Worldwide HQ in Iowa. International ambitions. 
RRM Activities Currently using a corn feedstock, but look ing at energy crops. 
Background Spun out of MIT to develop novel technology for production of the biopolymer 
polyhydroxybutyrate in 1992. In 2001, bought the patents for ICI’s Biopol from 
Monsanto, who had acquired them in 1996 from Zeneca. Metabolix partnered with 
ADM in 2006 to construct a 55 thousand tonne production plant. 
Annual Reports N/A 
 
North East Biofuels Interviewee Rural Affairs Spokesman 
Employees 5 Turnover  1 million (2007 GBP) 
UK operations HQ in Teesside. Regionally focused. 
Worldwide N/A 
RRM Activities Coordinates and supports biofuels development in the North East. Currently engaged in 
bidding for grant money for a pilot thermochemical biomass processing plant for 
Teesside. 
Background Limited company that coordinates a cluster of companies and organisations with regard 
to biofuels business in the North East. Activities include establishment of a regional 
network of filling stations, looking at new regional facilities, crop trials and lobbying. 
Financially supported by One North East RDA and members. 
Annual Reports N/A 
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Nepic Interviewee Technical Manager 
Employees 7 (2007) Turnover  2 million (2007 GBP) 
UK operations The North East Process Industry Cluster has its HQ in Teesside 
Worldwide N/A 
RRM Activities Nepic has a role to inform members on opportunities in RRM. 
Background Following ICI's sale of commodity chemical businesses in the 1990s, the North East 
suffered from a lack of a coherent support structure. 2 previous support organisations 
were fused in 2005 into Nepic, an industry association that aims to catalyse new 
businesses and supply chains in the North East. Represents 500 pharma, biotech, 
speciality, polymer/rubber & commodity chemical companies. Involved in coordinating 
biofuels developments. 
Annual Reports N/A 
 
Phytatec Interviewee Chief Executive Officer 
Employees 12 Turnover  2.5 million (2007 GBP) 
UK operations Based in the UK and France. Research and pilot level operations. 
Worldwide International outlook, with a European focus. 
RRM Activities Developing technologies for biomass conversion to food, fuel and materials 
applications. Looking at biomass fractionation and biocatalysis. 
Background Spun out of the University of Birmingham in 2002. Has a number of patents and is 
planning pilot production of biocatalysts. 
Annual Reports N/A 
 
Sembcorp Interviewee Biomass Manager 
Employees 17 134 (2007) Turnover  4 billion (2007 GBP) 
UK operations Supplies steam and power to chemical plants on Teesside. 
Worldwide HQ in Singapore. Operations in 5 countries. Consult internationally 
RRM Activities In 2007 a 30MW biomass power station was opened at Wilton. Utilises 300,000 tonnes 
of wood annually, mostly recycled timber. Currently no biofuels or RRM interests but is 
the main user of biomass on Teesside. A second biomass project, which is being 
designed to operate as a 30MW CHP plant, is planned for 2012. 
Background Sembcorp purchased the Wilton utilities/services from Enron in 2003. When ICI sold off 
assets at Wilton, it sold the power plants and service infrastructure separately and 
collectively. 
Annual Reports 2007 Annual Report makes 20 references to ‘renewables’, although the Wilton site is its 
only major renewable energy project. 
 
A23 
Shell Interviewee Biofuels R&D Programme Manager 
Employees 102000 Turnover  229 billion (2007 GBP) 
UK operations London HQ; over 1000 filling stations; refining and petrochemicals complex (Stanlow); 
biofuels research (Thornton). 
Worldwide HQ in The Hague. Second largest company in the world. Refining, distribution, 
marketing and petrochemical operations globally, including 47 refineries. Operations in 
over 140 countries. 
RRM Activities Biofuels ventures with Codexis (US), HR Biopetroleum (US). Choren (DE); Center for 
Biorefining and Biofuels (US); Iogen (CA). Biggest buyer, trader, blender and seller of 
biofuels worldwide. 
Background Formed in 1907 when Royal Dutch Petroleum Company merged with Shell Transport 
and Trading Company. The Stanlow site originated as a bitumen plant in 1924 and was 
acquired by Shell in 1940 for lubricants. Shell operated a refinery at Shellhaven from 
1920 until 1999 when it was closed. 
 RRM Biofuels Biodegradability 
Annual Report 2007 0 10 1 
Sustainability Report 2007 1 24 2 
Annual Report 2004 0 0 1 
Annual Reports 
Annual Report 2002 0 3 0 
 
Texon Non-Woven Interviewee Operations Head + Technologist 
Employees 1 250 (2007) Turnover  72 million (2007 GBP) 
UK operations Production in Skelton, Cleveland. The UK operation makes the smaller speciality and 
technical production lines. 
Worldwide HQ in Hong Kong. Production facilities in 9 countries. 
RRM Activities The UK operation has been investigating the use of PLA as a biorenewable fibre for 
non-woven fabrics. 
Background The Skelton site was originally established by ICI for the development of synthetic 
leathers from polyester. This was discontinued and bought by Texon. Petrochemical 
feedstocks have been imported since local polyester production by ICI ceased. Texon 
makes cellulose and synthetic felts, primarily for footwear. 
Annual Reports N/A 
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Appendix 6 Explanatory Code List 
 
Sustainability (S) 
Peak Oil (PO) 
Policy (P) 
Food vs. Fuel (FVF) 
Biochemical (Bio) 
Thermochemical (TRM) 
Chemical catalytic (CCC) 
By-products (BP) 
Resource Competition (RC) 
Scale Concerns (SC) 
Biorefineries (BRF) 
Green energy to green products (GE) 
Similar Skill Base (SSB) 
Oil Refinery Analogy (ORA) 
Fancy stuff will come later (FSL) 
Energy (Feedstock) Security (ENS) 
Focus on a single product first (FSP) 
Surplus Feedstock (SF) 
Get Infrastructure Bedded In Now (GIB) 
Second Generation (2G) 
New Entrants (NE) 
Spin Offs (SOF) 
Spectrum of Fuel Markets (SFM) 
Rural Development (RDV) 
Flexibility Concerns (FCN) 
Biofuels producers don’t understand chemicals 
(DUC) 
Large Volume Supply Chain (LVS) 
Integration with existing businesses not so 
important (NSI) 
Energy is the Primary Concern (EPC) 
Crude Quality (CQ) 
Sustainability (S) 
Resource Efficiency (RE) 
Part of the culture now (PCN) 
Resource Hierarchy (RH) 
Low Biofuels Impact (LBI) 
Specialties (SPC) 
Bulk Chemicals (BKC) 
Low margins and volatility (LMV) 
Bioplastics First (BF) 
Lack of Knowledge (LK) 
Higher Profit (HP) 
Lack of Movement (LM) 
Spectrum of Chemicals Markets (SCM) 
Retain Regional Industry (RRI) 
Infrastructure (INF) 
Skills (SKS) 
Access (A) 
Planning Policy (PP) 
Range of Suppliers (RS) 
Labour (LBR) 
Services (SVC) 
Water (WTR) 
Regional Policy (RP) 
Other Companies (OC) 
Innovation Gap (IVG) 
Markets (M) 
Feedstock (F) 
Sustainability 
Smaller scale (SS) 
Benefits to Centralisation (BTC) 
Access to Money (MNY) 
Footloose (FL) 
Government Led Projects (GLP) 
Regional Policy Push (RPP) 
Food Waste Centres (FWC) 
Urban Areas (UA) 
Overseas (OV) 
Platform chemicals (PC) 
Fungible commodities (FC) 
Direct Substitution (DS) 
Information Gap (IG) 
Aromaticity (ARY) 
Functional Substitution (FS) 
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Cellulose (CL) 
New Breeds (NB) 
Limited Resource (LR) 
Forestry (FRY) 
Lignin (LG) 
Cereal and Starch (C&S) 
Oilseed (OS) 
Marine (MR) 
Sugar (SG) 
Food vs. Fuel threat (FvF) 
Will always be petroleum (AbP) 
Energy Crops (ECR) 
UK Production (UK) 
Bio/Petchem in combination (B/P) 
Importance of Farming Structures (IFS) 
Positive Feedback (PB) 
Different to Fossil Fuels (DFF) 
Utilisation of Waste Products (UW) 
Public Acceptance Issues (PAI) 
Return Value to Farmers (RVF) 
Grasses (GRS) 
Farmers Will Respond (FWR) 
Feedstock Flexible (FFE) 
Unreliable Supply (US) 
Gradual Transition (GT) 
Existing Competences (EC) 
New competences (NC) 
Partnering Downstream (PD) 
Partnering Upstream (PU) 
Partnering Horizontally (PH) 
Wait before Partnering (WBP) 
Inventors can Step Away (SA) 
New Markets Via Licensing (NML) 
Solution without a problem (SWP) 
Cost Benefit (CB) 
Bad Experience (BE) 
Value Chain Bottleneck (VC) 
Pioneering (PN) 
No Cannibalisation (NCN) 
First Mover (FM) 
Diversification (DV) 
Lobbying (LBY) 
Facilitating technology (FT) 
Commercial Targets (CTG) 
Limited Capital (LCP) 
Need for Government Intervention (NGI) 
Avoid being Missed Out (AMO) 
Advanced Fuel Molecules (AFM) 
Foot in Both Camps (FBC) 
Thwart competing technologies (TCT) 
Engage without Commitment (EWC) 
Need Innovation in the Pipeline (NIP) 
Informed Buyer (IFB) 
Need to overcome fundamental problems to 
compete with petchem (OFP) 
Reliable feedstock supply is crucial (RFS) 
Internal Resistance (IR) 
Policy driver (PR) 
Policy gap (PG) 
Government research funding (GRF) 
Landscape change (LC) 
Niche applications (NA) 
Bulk applications (BA) 
Uncertainty (U) 
Standards (LCA) 
Biodegradablity (B) 
GM (GM) 
Credit Crunch (CCR) 
No Premium (NP) 
Short Time Horizon (STH) 
Imbalance of Power in Value Chain (IP) 
Climate Change (CC) 
Toxicity (TX) 
Natural (NL) 
Renewable (RW) 
High Quality Niches (HQN) 
Recycling (RC) 
Geographical Differences (GD) 
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Exponential take-off (ETO) 
Fit with current technologies (FCT) 
Expectations (EXP) 
Unclear Definitions (UD) 
Different to other countries (DOC) 
Avoid Reliance on Subsidies (ARS) 
Multiple Functionalities (MF) 
Tomorrow’s Product (TMP) 
Waste Reduction (WRN) 
Marketing Benefit (MB) 
Link with other Business Developments 
(LBD) 
Link with other cultural drivers (LCD) 
Internal Demand from Vertical Integration 
(DVI) 
Non-Animal Related (NAR) 
Public Procurement (PPT) 
Greenwash (GRW) 
Latent Demand (LD) 
Lower Flammability (LFY) 
Fuel Specifications (FSN) 
Performance (PF) 
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Appendix 7 PRODCOM statistics for UK chemical products by sales value, unit value and import value 
 
 Product Value 
(million GDP) 
Price 
(£/tonne) 
Production Volume 
(thousand tonnes)2 
Mean annual change in 
Volume since 2002 
UK production / 
UK demand 
Category 
1 Ethylene 1100 861 1282 -10% 4.5 Basic Organic 
chemicals 
2 Acrylic polymers (excl. 
PMMA) 
381 1197 318 +9% 1.16 Plastics 
3 Synthetic Rubber (excl. latex) 377 1288 292 +7% <1 Rubber 
4 HDPE polyethylene (SG<0.94) 329 788 417 +7% Unknown Plastics 
5 PVC 274 536 512 +2% Unknown Plastics 
6 Polypropylene 272 710 383 -4% Unknown Plastics 
7 Acrylic polymer moulding 
powders (excl. PMMA) 
226 1421 159 +3% Unknown Plastics 
8 Benzene 219 499 440 -13% 1.45 Basic Organic 
Chemicals 
9 Polyurethanes 192 2185 88 -2% Unknown Plastics 
10 Nitrogen heterocyclic 
compounds3 
169 21904 8 -2% Unknown Basic Organic 
Chemicals 
11 Organic acids with additional 
oxygen function4 
111 2524 44 +7% Unknown Basic Organic 
Chemicals 
 
Table A1. Major UK organic chemical products by sales value (ONS, 2008) 
 
                                                 
2 Sold volume: does not include production used by the producing enterprises for further processing 
3 Excl. compounds containing an unfused pyrazole ring, or unfused imidazole ring or unfused triazine ring in the structure; compounds containing a pyrimidine ring or 
piperazine ring in the structure; 6-Hexanelactam. 
4 Incl. their anhydrides, halides, peroxides, peroxyacids, and halogenated, sulphonated, nitrated or nitrosated derivatives. Excl. citric acid, salicylic acid, their salts and esters. 
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 Product Price 
(£/tonne) 
Value 
(million 
GDP) 
Production Volume 
(thousand tonnes)5 
Mean annual 
change in Volume 
since 2002 
UK production / 
UK demand 
Category 
1 Aromatic monocarboxylic acids6 39181 7 0.2 -24% 0.10 Basic Organic 
chemicals 
2 Polysulphides, polysulphones, polyxylene resins, poly 
(1,4 diisopropylbenzene), polyvinyl ketones, 
polyethyleneimines and polyimides 
29966 131 4.4 -7% 0.75 Plastics 
3 Cellulose and derivatives (Excl. cellulose acetates and 
nitrates) 
26410 4 0.2 -1% Unknown Plastics 
4 Ether-phenols and derivatives with other heteroatoms 26054 1 0.05 +9% 0.09 Basic Organic 
Chemicals 
5 Nitrogen heterocyclic compounds3 21903 169 7.7 -2% Unknown Basic Organic 
Chemicals 
13 Enzymes and  prepared enzymes 5008 
 
23 
 
4.5 
 
-10% 0.45 Basic Organic 
Chemicals 
 
Table A2. UK organic chemical products by unit value 
                                                 
5 Sold volume: does not include production used by the producing enterprises for further processing 
6 Incl. their anhydrides, halides, peroxides, peroxyacids, and their derivatives. Excl. benzoic acid, benzoyl peroxide, benzoyl chloride, phenylacetic acids and their salts and 
esters 
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 Product Value of Imports 
(million GDP) 
Price 
(£/tonne) 
Import Volume 
(thousand tonnes) 
Mean annual change in 
Imported Volume since 
2002 
UK production / 
UK demand 
Category 
1 Distillation products from coal tar 
high in aromatics7  
2188 265 8263 +273% Unknown Basic Organic 
Chemicals 
2 Oxygen-function amino-
compounds8 
923 33608 27 -1% Unknown Basic Organic 
Chemicals 
3 Organo-sulphur compounds 843 67507 12 -2% 0.68 Basic Organic 
Chemicals 
4 Nucleic acids and other 
heterocyclic compounds9 
831 138498 6 +6% Unknown Basic Organic 
Chemicals 
5 Nitrogen-only heterocycles with 
an unfused imidazole ring 
390 375635 1 +2% 14.54 Basic Organic 
Chemicals 
6 Naphthalene and hydrocarbon 
mixtures10 
373 350 1066 +75% Unknown Basic Organic 
Chemicals 
7 Aliphatic ethers and heteroatom 
derivatives (Excl. diethyl ether) 
293 20992 14 +/-0% 0% Basic Organic 
Chemicals 
8 Acrylic polymers (Excl. 
polymethyl methacrylate) 
241 1116 215 +7% 1.16% Plastics 
9 HDPE polyethylene (SG<0.94) 202 723 279 +7% Unknown Plastics 
10 Methanol (methyl alcohol) 191 186 1028 +/-0% 0% Basic Organic 
Chemicals 
 
Table A311. UK organic chemical imports by import value 
 
                                                 
7 Excl. benzole, toluole, xylole, naphthalene, other aromatic hydrocarbon mixtures, phenols and creosote oils 
8 Excl. amino-alcohols,  lysine, glutamic acid and their salts and esters. 
9 Excl. oxygen- and nitrogen-only heterocycles 
10 Excl. benzole, toluole, xylole 
11 In the interpretation of the figures, two caveats are applicable. Firstly, the volumes are sales volumes and do not include production used by the producing enterprises for 
further processing. Secondly, figures for several important products are withheld by manufacturers for commercial sensitivity reasons. For example, this includes propylene. 
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Appendix 8 Causal Loops Underpinning Scenarios 
Figure A2. Causal loops suggesting the structure of the system relating to the bioplastics niche
Incorporation of 
interview data
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Figure A3. Causal loops suggesting the structure of the system determining future regime-regime co-evolution
A32 Figure A4. Causal loops suggesting the structure of the system determining future spatial path dependence
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